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Abstract 
 The Marshland Upwelling System (MUS) is an alternative method for coastal 
dwellers to treat their wastewater.  Past studies have dealt with the removal of fecal 
pathogens from wastewater.  However the objectives of this research were to: 1) evaluate 
the treatment capability of the MUS under high hydraulic loadings and cool temperatures 
with respect to CBOD5, TKN, TAN, NO2--N, NO3--N, TP, and PO4-P, and 2) determine 
the ideal flowrate and injection frequency to achieve satisfactory nitrogen removal 
without hydraulic failure. 
 The artificial wastewater study was performed to evaluate the treatment of 
CBOD5, TKN, TAN, TP, and PO4-P under high hydraulic loadings and cold 
temperatures.  According to the pressure data, there were no signs of hydraulic 
dysfunction (clogging and/or channelization) during the study.  CBOD5 was reduced 
from an influent value of 227 mg/l to an effluent value of 19 mg/l.  TKN was reduced 
from 120 to 3 mg/l-N.  The concentration of TAN was reduced from 110 to 1.5 mg/l.  
The influent TP and PO4-P concentrations were 14 and 7.2 mg/l-P, respectively. 
However, the effluent concentrations of TP and PO4-P were 0.3 and 0.7 mg/l-P. 
 A flow rate of 2.8 L/min injecting for 30 minutes every 3 hours provided effective 
reduction of nitrogen.  The concentrations of TKN in the influent were reduced from 168 
to 1.8 mg/l-N.  The influent TAN concentrations were reduced from 160 to 1.1 mg/l-N.  
Laboratory studies demonstrated the importance macrophytes have on the redox potential 
of the underlying media.  By increasing the redox potential, the macrophytes also 
accelerated the production/reduction of NO2--N. 
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Chapter 1: Global Introduction 
1.0 Introduction 
The Clean Water Act defines wetlands as “areas that are inundated or saturated by 
surface or ground water at a frequency and duration sufficient to support, and that under 
normal circumstances do support, a prevalence of vegetation typically adapted for life in 
saturated soil conditions” (USEPA, 1972).  Wetlands are a type of ecosystem that 
furnishes numerous benefits unmatched by any other ecosystem in the world, while also 
providing flood protection, shoreline erosion control, improvement to the quality of 
water, a source of recreational and aesthetic pleasure, and a number of natural products 
(USEPA, 2002a).  The production of these resources and commodities play a major role 
in our nation’s economy with evidence in the fact that our nation’s coastal waters support 
28.3 million jobs and produce $54 billion in resources and services each year (USEPA, 
1998). However, due to the wide range of types and locations of wetlands, it is often 
difficult to assess the number of benefits that may come from each wetland (USEPA, 
2002b). 
Since wetlands offer numerous benefits to our society, more and more people are 
moving into these areas. Thus our coastal population, which makes up 53 % of the 
nation’s population, is expected to reach 165 million people by 2015, increasing at a rate 
of 3,600 people per day (NOAA, 1998).  While coastal regions bordering the Gulf of 
Mexico encompass 12% of the nation’s coastal population, this population is expected to 
experience a one-third rise by 2015 (NOAA, 1998).  The increase in the coastal 
population has raised a number of concerns and issues. The most common concerns 
include the issues of nutrient over-enrichment, pathogen contamination, toxic chemicals, 
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alteration of freshwater flow, loss of habitat, declines in fish and wildlife, and an 
introduction of invasive species (USEPA, 1998).  A major contributor to these problems 
is the disposal of improperly treated wastewater from coastal dwellings. 
Mechanical plants, limited-use systems, and septic systems are the common ways 
coastal residents treat their wastewater.  Mechanical plants consist of a single unit, which 
provides both primary and secondary treatment.  This treatment option requires a 
constant source of power, maintenance, and a knowledgeable operator.  However, due to 
the sporadic usage of camps in coastal wetlands and high initial cost, mechanical plants 
are not always a viable option to treat the wastewater produced in these regions. The 
limited use system is comprised of a tank and a chlorine contact chamber. For these 
systems to effectively remove bacteria in wastewater, the chlorine chamber must 
constantly possess a chlorine tablet, but camp owners frequently do not meet this 
requirement (Batelle, 1999).  Consequently, the bacteria are discharged into the 
surrounding environment.  Septic systems are a common on-site wastewater treatment 
option used by approximately one-fifth of the population of the United States (Scandura 
and Sobsey, 1997). The typical septic system consists of a septic tank, which removes 
most of the settable and floatable material and also acts as an anaerobic bioreactor, and a 
soil absorption field, which treats the high levels of nutrients and pathogens present in the 
effluent from the septic tank (Batelle, 1999). Under conditions with appropriate soils and 
hydraulic capacities, these systems function well. However, only about one-third of the 
land within the United States has soils suitable for the use of septic systems (USEPA, 
2002c).  Coastal area dwellings are mostly built directly above or near the water, where 
water tables are near the surface.  Consequently, septic system use in coastal areas is 
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ineffective because the adsorption field soils lack the necessary two-to four-foot layer of 
well-drained soil (Batelle, 1999).     
The disposal of improperly treated wastewater has caused an increase of 
pathogens in wetlands (Battelle, 1999). This, in turn, has caused extreme problems that 
directly affect the large amounts of wetland-dependent species that are harvested by the 
nation’s shellfish and fishing industries (NOAA, 1997).   Most of the commercial catch 
and greater than half of the recreational harvest in the southeast are dependent on the 
estuary-coastal wetland systems. In Louisiana alone, 1.2 billion pounds of commercial 
fish and shellfish are produced by these marshes annually (USEPA, 2002b).  This catch 
alone was worth $244 million in 1991. However, due to the increase in pathogen 
concentrations, increasingly more of these areas are being closed to fishing (USEPA, 
2002b).  The 1995 National Shellfish Register of Classified Waters documented that 6.7 
million acres of shellfish growing waters are harvest limited (conditionally 
approved/restricted, restricted or prohibited) with this number representing 31% of our 
nation’s total waters (NOAA, 1997).  In Mississippi, the site of the Grand Bay National 
Estuarine Research Reserve (NERR), 36% of oyster growing waters are harvest limited 
(NOAA, 1997). 
Wetlands have been proven to remove organic matter, nutrients and bacteria; 
therefore, an increasing number of societies are using natural and constructed wetlands 
for the sole purpose of treating their wastewater (Frankenbach and Meyer, 1999; Gopal, 
1999; Kadlec & Knight, 1996; Janson et al., 1994; Kadlec, 1987; Gersberg et al., 1986).    
The major mechanisms in which pollutants are removed by wetlands are through 
bacterial transformations and physical and chemical processes which include adsorption, 
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precipitation, and sedimentation.  However, due to the low elevation of the land and the 
high water table associated with coastal areas, traditional natural or constructed wetlands 
may not be viable treatment options. 
The Marshland Upwelling System (MUS) was developed at Louisiana State 
University as an alternative for treating domestic wastewater from coastal dwellings.  
Wastewater is injected below the soil at a sufficient depth, and the density difference 
between the saline groundwater and the fresh wastewater forces the wastewater towards 
the ground surface, thus, utilizing the native soils as filter media for biochemical and 
physical processes (Watson Jr. and Rusch, 2002; Watson Jr. and Rusch, 2001; Watson 
Jr., 2000; Stremlau, 1994). Therefore, the two critical site characteristics for the 
successful operation of the MUS are saline groundwater and a sufficient amount of soil or 
media for removing contaminants from the wastewater. By injecting the wastewater 
intermittently at a specific flowrate and duration, the potential for pressure build up and 
hydraulic channelization is minimized.  The normal system consists of a 
collection/distribution tank, pump, timer, float switch, injection well, one monitoring 
well, and soil media. For experimental purposes, the injection well is surrounded by a 
group of monitoring wells placed at different depths and radii in order to monitor the 
plume development and assess treatment capacity (Figure 1.0.1).  
Two previous studies on the MUS were conducted at the Louisiana Universities 
Marine Consortium (LUMCON) laboratory in Port Fouchon, Louisiana (Watson Jr., 
2000; Stremlau, 1994).  The first study focused on the MUS’ ability to remove bacteria 
from secondarily treated wastewater, while the second study focused on its ability 
remove bacteria from settled, raw wastewater (Watson Jr. and Rusch, 2002; Watson Jr.  
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Figure 1.0.1:  A generic schematic of an experimental MUS, which includes monitoring 
wells for data collection 
 
and Rusch, 2001; Watson Jr., 2000; Stremlau, 1994;).  A third study on bacterial removal 
from settled, raw wastewater was conducted by Richardson (2002) in the Grand Bay 
NERR.  No studies have been conducted to date dealing with nitrogen removal in the 
MUS. 
1.1 Research Objectives 
In order to predict the long-term sustainability of wetlands in removing or 
reducing nutrients and pollutants under a wide range of environmental conditions, an 
understanding of the processes occurring in them must be gained.  The previous MUS 
studies have focused mainly on the MUS’ ability to use the natural sand/soil matrix as a 
filter to remove the bacteria from domestic wastewater (Stremlau, 1994; Watson Jr., 
2000; Watson Jr. and Rusch, 2001; Richardson 2002; Watson Jr. and Rusch, 2002).  The 
focus of this thesis research was determining the nitrogen removal efficiency of the MUS.  
There has been no research on the MUS regarding this topic.  However, wetlands have 
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been proven to possess the potential for the microbiological treatment of wastewater for 
nutrients (Gopal, 1999). 
The overall goal of this research is to determine the feasibility of nitrogen 
removal in the MUS.  The objectives of this research were to:  1) evaluate the treatment 
capability of the MUS under “worst case” conditions with respect to carbonaceous 
biochemical demand (CBOD5), total kjeldahl nitrogen (TKN), total ammonia nitrogen 
(TAN), nitrite (NO2--N), nitrate (NO3--N), total phosphorus (TP), and orthophosphate 
(PO4-P), and 2) determine the ideal flowrate and injection frequency to achieve 
satisfactory nitrogen removal without hydraulic failure.  The results are presented as two 
manuscripts:  1) An Evaluation of the MUS Under Worst Case Conditions and 2) An 
Evaluation of Nitrogen Removal in the Marshland Upwelling System. 
1.2 Literature Review 
1.2.1  Nitrogen Removal Processes 
Nitrogen is an essential plant nutrient commonly found in soils, however excess 
levels can be detrimental to the environment.  Usually, over 90% of the nitrogen present 
in soils is in the organic form as a result of the biodegradation of dead plants and animals 
(Kadlec and Knight, 1996).  Total Kjeildahl nitrogen (TKN) is a measure of the total 
organic nitrogen and ammonia present, and therefore can be used as an indicator of the 
level of organic nitrogen present in the wastewater. Total ammonia nitrogen (TAN), 
which is both the hydrolyzed and unhydrolized form of ammonia, is formed through 
mineralization of organic nitrogen.  This process can occur in both aerobic and anaerobic 
environments; however it occurs more rapidly in aerobic environments (Gambrell et al., 
1991).  The various forms of nitrogen in nature and the pathways in which these forms 
 7
change are known as the nitrogen cycle (Figure 1.2.1) (Gambrell et al., 1996).  These 
dynamic processes are of extreme importance when looking at the fate of nitrogen in the 
environment.   
   Figure 1.2.1:  An overview of the nitrogen cycle 
   *Source: Gambrell et al., 1991 
 
Wetlands can remove N from wastewater in the following ways:  organic nitrogen 
can be taken up and stored by plants and soils, the ammonium ion (NH4+) can be 
adsorbed to soil particles and taken up by plants, ammonia (NH3+) can be lost by 
volatilization and denitrification can remove NO3- by converting it to N2, which moves 
back into the atmosphere (Kadlec and Knight, 1996).  However, if the pH is below 7.5, 
loss of ammonia through volatilization from soils and sediments is not considered a 
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major removal mechanism (Reddy and Patrick, 1984).  Sakadevan and Bavor (1999) 
conducted a study on nitrogen removal in constructed wetlands.  All systems received 
similar N loads, and they found that removal was dependent on hydraulic loading, water 
column depth, and retention time.  Increasing the retention time and reducing the 
hydraulic loading enhanced the removal of N from wastewater. 
Temperature, pH, dissolved oxygen, and the chemical form of nitrogen present 
can affect nitrogen removal from wastewater by wetlands.  Therefore, each wetland will 
vary in its efficiency of nitrogen removal (Wood et al., 1999).  To determine the 
biological processes occurring in soils, redox potential measurements have been used in 
the past.  These measurements are a determination of the soil’s capability to reduce or 
oxidize certain substrates present in the soil (Patrick et al., 1996).  A platinum electrode is 
used to measure redox potential. Reducing systems transfer electrons to the electrode, 
while oxidized systems take electrons from the electrode.  However, electron flow is 
inhibited while taking actual redox potential measurements.  Thus, the potential of the 
platinum electrode is measured and compared to the known potential of the reference 
electrode when measuring the redox potential of a certain point (Patrick et al., 1996).   
Calomel reference electrodes are commonly used as reference electrodes to measure 
redox potential.  A correction factor of +245 is applied to measurements obtained using 
the calomel reference electrode to report redox potential as Eh (Patrick et al., 1996).   
The redox potential of soils will decrease in typical soils as a result of poor 
drainage, the exchange of gasses, or the introduction of O2 demanding wastes (Reddy et 
al., 1986). In soils where a high water table exists, oxygen is usually depleted and redox 
potential levels are low.  Soils that fluctuate from flooded to dry have a much wider range 
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in redox potentials.  Oxidized soils range from +400 to +700 mV. When the soil is 
flooded, and becomes reduced, the range is typically from -200 to +300 mV.  Redox 
potential is of most use in flooded soils and sediments (Patrick et al., 1996).  There are 
two types microbial metabolism.  In one, microbes use inorganic substances such as O2, 
Fe3+, Mn4+, SO42-, and NO3- as the terminal electron acceptor.  The second is 
fermentation where microbes use organic molecules as electron acceptors (Reddy et al., 
1986). Redox measurements are vital when one is interested in determining which 
compounds are stable in a particular environment.  Table 1.2.1 contains a list of 
compounds and the range of redox potentials (Eh) at which the indicated transformation 
occurs.  Of particular interest in this research is the conversion of TAN to NO3- and NO3- 
to N2.   
Table 1.2.1:  Range of redox potentials for various compounds found in soil 
Compound Redox Potential Range (mV) 
O2 → H2O +350 to +400 
SeO42-→SeO32- +250 to +300 
NO3-→N2 +250 to +300 
Mn4+→Mn2+ +200 to +250 
AsO43-→AsO33- +125 to +175 
Fe3+→Fe2+ +50 to +100 
SeO32-→Se(O)2-  -75 to -25 
SO42-→S2- -200 to -150 
CO2→CH4 -250 to -200 
*Source: Patrick et al, 1996 
1.2.1.1 Adsorption of the Ammonium Ion (NH4+) 
The removal of NH4+ from the water column by ion exchange is a temporary 
removal mechanism for nitrogen and has been studied by a number of researchers (Demir 
et al., 2002; Gaspard et al., 1983; Haralambous et al., 1992; Tan, 1982).  However, this 
removal varies with the types of ions present (Evangelou, 1998).  According to Mandi et 
al. (1998), this reaction is favored by a high retention time, slightly alkaline soils, and the 
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presence of ferrous and aluminum ions which expedite the transformation and fixation of 
nitrogen.  For optimum ion exchange to occur, the pH should be at or slightly below 7, 
and as temperature increases the exchange capacity also increases (Demir et al, 2002).  
Ion adsorption is a finite process. Once the sorption sites of the wetland soils are 
exhausted, NH4+ will be released, resulting in an increase of solution NH4+.  Exhaustion 
of sorption sites has been demonstrated to take up to 50 years depending on NH4+ 
introduction amounts, soil properties, and other factors (Mandi et al, 1998).  Factors 
affecting the NH4+-exchange capacity of wetland soils include soil particle size and 
organic matter content, the loading rates, and the effect of multiple regenerations upon 
the ion-exchange capacity (Demir et al., 2002).  When conditions are right, some clay 
may adsorb cations with such a strong force that they may never be released.  This occurs 
when NH4+ and potassium (K+) are involved in the reaction (Zahina et al., 2001).  The 
conditions favoring this process include low organic matter content, high clay content, 
moderate or high soil thickness, low or moderate soil runoff, moderate or high pH, and a 
wet-dry hydrology (Zahina et al., 2001). 
1.2.1.2  Nitrification 
NH4+ which is either already present in the wastewater or produced through 
mineralization is oxidized to nitrate (NO3-) where oxygen is present by the nitrification 
process (Green et al. 1997, 1997).  Autotrophic, chemolithotrophic, and obligate aerobes 
usually perform nitrification, and since the nitrifiers are autotrophs, they must first fix 
and reduce inorganic carbon, an energy expensive process (Rittmann and McCarty, 
2001).    Teske et al. (1994) found that the consistency of their autotrophic dependence 
can probably be attributed to their evolutionary link to photosynthetic microorganisms (as 
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cited in Rittman and McCarty, 2001).  Since they are chemolithotrophic, their electron 
donors release less energy per electron equivalent than do organic electron donors, H2, or 
reduced sulfur.  For these reasons, nitrifiers are slow growing bacteria. Nitrifiers are 
obligate aerobes, and they use O2 for respiration and as a direct reactant for the initial 
monooxygenation of NH4+ to hydroxylamine (NH2OH).  The oxidation of ammonia to 
nitrite (NO2-) is generally related to the genera Nitrosomonas, Nitrosococcus, 
Nitrosospira, Nitrosovibrio, and Nitrosolobus (Rittman and McCarty, 2001; Van 
Loosdrecht and Jetten, 1998).  The oxidation of NH4+ to NO2- is governed by the 
following equation (molar based): 
                             OHHNOONH 2224 167.0333.0167.025.0167.0 ++→+ +−+                          (1-1)                    
  The Nitrobacter and Nitrospira species are generally credited with the oxidation 
of NO2 to NO3- (Jetten, 2001):   
                                          −− →+ 322 5.025.05.0 NOONO                                               (1-2)                               
The overall reaction (molar based), which includes cell synthesis, can be represented as:               
+−+ +++→++ HOHNONOHCCOONH 973.1921.0973.00261.01304.0815.1 23275224
                                                                                                                                        (1-3) 
 
Taking into account cell synthesis, this equation shows that the oxygen demand to 
achieve nitrification equals 4.14 g O2/g NH4+ consumed.  It also illustrates that 
nitrification produces two strong acid equivalents per mole of NH4+ removed (Rittman 
and McCarty, 2001). 
Nitrification kinetics is greatly affected by the systems surrounding pH and 
temperature.  The optimum pH and temperatures for nitrification to occur are 7.5 - 8.6 
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and 25-30ºC (Yoo et al, 1999; Kadlec and Knight, 1996).  In addition, temperatures less 
than 15ºC and above 30ºC inhibit nitrification (Kadlec and Knight, 1996).  
Nitrification reactions are reported to occur in the rhizophere in wetland soils 
where aquatic vegetation is present (Platzer, 1999).  The diffusion of oxygen from 
submerged roots of macrophytes plays a major role in providing oxygen to the soil for the 
purpose of nitrification (Platzer, 1999).  This is believed to increase the growth of 
nitrifying bacteria and the aerobic decomposition of organic matter (Brix, 1997).  Oxygen 
affects the redox conditions of the soil, which in turn elevates microbial processes at 
aerobic and anaerobic interfaces (McIntyre and Riha, 1991). However, the magnitude of 
the release of oxygen from the roots is still under debate (Sorrell and Armstrong, 1994; 
Bedford et al., 1991). 
A number of factors influence the release of oxygen, including the oxygen 
demand of the media surrounding the root zone, the internal concentration of oxygen in 
the plant, and the permeability of the root-walls (Sorrell and Armstrong, 1994).  In 
general, the area known as the subapical region of roots release oxygen at the highest 
rate.   This rate usually decreases with distance from the root-apex (Sorrell and 
Armstrong, 1994).   
Hanaki et al. (1990) studied nitrification at low dissolved oxygen levels.  NH4+ 
oxidizers growth rate was elevated at DO levels of 0.5 mg/l where the nitrite (NO2-) 
oxidizers were not affected at the same DO levels. A low level of dissolved oxygen 
inhibits the NH4+ oxidation rate per unit biomass of NH4+ oxidizers.  However, the 
increase in biomass in the presence of low oxygen levels compensates for this reduced 
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oxidation rate (Hanaki et al., 1990).  These studies illustrate the possibility that 
nitrification may occur at low dissolved oxygen levels. 
1.2.1.3 Denitrification  
Denitrification is an anoxic process in which NO3- takes the place of oxygen 
utilized in aerobic respiration.  This process is of extreme importance when controlling 
the nutrient levels entering wetlands.  Two characteristics contributing to the 
denitrification capabilities of wetlands are: 1) anoxic soils and 2) organic carbon, which 
supports the activity of facultative and obligate anaerobic bacteria.  In wastewater with a 
high CBOD, enough carbon may be present in the wastewater to support denitrification.  
If there is an inadequate supply of carbon in the wastewater, carbon from the organic 
matter in the wetland will be used (Baker, 1998).  In order to remove NO3- successfully, 
the following factors must be considered: 1) the volume of the site where treatment is 
occurring must be sufficiently large to give adequate retention time of nitrate bearing 
water, 2) the surface area of sediment must be large enough to achieve a high level of 
denitrification, 3) a sufficient supply of organic matter must be present in the soil, and 4) 
redox conditions must be in the range of  +250 - +300 or lower (Janson et al., 1994).     
When wastewater containing nitrate enters wetlands, nitrogen may be lost due to 
denitrification (Laber et al., 1997).  Therefore when treating the nitrogen level of 
wastewater, denitrification can serve as an important reduction mechanism.  Anoxic 
conditions and the vital organic matter energy source for denitrifying bacteria exist in raw 
wastewater.  This will therefore provide the bacteria with an ideal environment to 
perform denitrification. 
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In many coastal environments, the area where denitrification occurs is located just 
below the surface oxidized soil or sediment zone, or in reduced pockets located within 
the oxidized zone (Sorensen, 1978).  This process was described to be similar to the 
reduction of sulfate and the oxidation of sulfide.  Where the highest concentrations of 
NO2- and N2O were found, the most denitrification took place.  This peak activity 
occurred in the upper 2 to 3 cm of the soil (Sorensen, 1978).  The reduction of NO3- by 
denitrification decreases rapidly with depth in the soil due to the lack of NO3- present at 
deep levels in the subsoil.  Therefore, denitrification occurring in the deep levels of the 
subsoil is limited by the amount of substrate present. 
Denitrification may occur with different electron donors including methanol, 
acetate, and H2 gas.  The reaction with methanol as an electron donor is:  
22
227533
119.03781.0
0733.000954.01561.01561.01667.0
COOH
NNOHCHNOOHCH
+
++→++ +−
                              
(1-4) 
 
There are two ways in which oxygen concentrations control denitrification.  The 
first is the inhibition of many of the nitrogen-reductase enzymes by dissolved oxygen 
levels above 2.5-5 mg O2/l (Korner and Zumft, 1989).  The second mechanism in which 
denitrification is controlled is through the suppression of the activity of the reductase by 
dissolved oxygen concentrations above a few tenths of a mg O2/l (Tiedje, 1988; Rittmann 
and Langeland, 1985).  Since the reductase genes are suppressed at much higher 
concentrations than they are inhibited, one can conclude that denitrification can occur at 
dissolved oxygen concentrations well above zero (Rittmann and Langeland, 1985).   
The most common denitrifying bacteria are the Gram-negative (Rittmann and 
Langeland, 1985). However, some Gram-positive bacteria, such as Bacillus, are also able 
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to denitrify.  Proteobacteria, Achromobacter, Aerobacter, Flavobacterium, Micrococcus, 
Proteus, Pseudomonas, Alcaligenes, Paracoccus, and Thiobacillus are all bacteria that 
are capable of denitrifying (Grady, Jr. et al., 1999; Rittmann and Langeland, 1985).  The 
denitrifiers are all facultative aerobes.  Facultative aerobes are able to use NO3- and NO2- 
for respiration when O2 becomes limited.  These denitrifiers have a huge metabolic 
diversity.  Because of this, they are commonly found in soils, sediments, surface waters 
and groundwaters. When these denitrifying bacteria are located in biofilms as opposed to 
bulk liquid, denitrification is intensified (Rittmann and Langeland, 1985). 
The rates of denitrification are highest when the pH ranges from 6-8.  However, 
this process may occur at values lower or higher than this range since denitrifiers are not 
especially pH sensitive (Janson et al., 1994).  pH values that are not in the optimum range 
may lead to a build up of intermediates. 
The rate of denitrification is also temperature dependent.  It was noted that an 
increase in temperature of 10°C caused an increase of the denitrification rate of 1.5-3 
times (Wood et al., 1999).  Low temperatures during the winter months cause 
denitrification rates to slow down.  Wood et al. (1999) found that the NO3- removal rate 
was optimum when the temperature reached 30°C.  However, when the temperature rose 
to 38°C, a decrease in the removal was evident.  This pattern illustrates that microbial 
growth is enhanced when the temperature approaches 30°C and is inhibited when 
temperatures exceed 30°C (Wood et al., 1999). 
Yoo et al. (1999) studied simultaneous nitrification-denitrification (SND).  They 
found that under anoxic conditions, the microorganisms can perform denitrification using 
NO2- or NO3- as the terminal electron acceptor.  However, for effective SND by NO2-, the 
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simultaneous nitrification denitrification reaction should take place in the same reactor. 
The reactor’s temperature should be maintained at 25ºC, and the pH should be raised. A 
low DO concentration should be maintained during aeration, and the contact time 
between the influent and microorganisms should be increased (Yoo et al., 1999). 
1.2.1.4 Anammox 
Anaerobic ammonium oxidation (anammox) is a process that is gaining more 
attention.  In this process NH4+, which serves as the electron donor, is oxidized under 
anaerobic conditions by using NO2- as the terminal electron acceptor (Jetten et al., 1998).  
The intermediates of the anammox process (equation 1-8) are hydroxylamine (NH2OH) 
and hydrazine (N2H4).  
  
15.05.022322324 66.026.003.202.113.0066.032.1 NOHCNOOHNHHCONONH +++→+++ −+−−+                               
 
(1-8) 
 
This reaction describes the oxidation of NH4+ to N2. The free energy of the 
anammox process and the normal nitrification process are equal.  In the first reaction, 
NO2- is reduced to NH2OH.  Then after being coupled with NH4+, resulting in N2H4, the 
N2H4 is oxidized to N2 (Loosdrecht and Jetten, 1998; Van de Graff et al., 1995).  Egli et 
al (2001) found that anammox had an optimum pH of 8 and occurred in the pH range of 
6.5 – 9.  The optimum temperature was 37ºC (Egli et al, 2001).                      
A number of reports have been recently released discussing unaccounted nitrogen 
losses in anaerobic environments, indicating that anaerobic NH4+ oxidation may be more 
widespread that once thought (Jetten et al., 1998).    The major advantages of anammox 
over the traditional nitrification/denitrification reactions are the lower oxygen demand 
and the lack of carbon source due to the autotrophic nature of the process (Egli et al, 
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2001).  Due to the low dissolved oxygen present at the deeper soil depths, the above facts 
are important in wetlands.  The disadvantage of anammox is the slow growth rate of the 
organisms responsible for the process; however, the conversion factor can be relatively 
high. 
1.2.2 Role of Macrophytes in Wetlands 
Among the highest productive ecosystems in the world are those ecosystems that 
are dominated by wetland plants.  Through these productive systems comes the capacity 
for microorganisms to decompose and transform organic matter and other substances.  
Numerous studies have illustrated that soils planted with macrophytes can be effective in 
removing pollutants from wastewater (McIntyre and Riha, 1991; Gersberg et al., 1983). 
Nutrients are essential for the growth and reproduction of wetland plants, and 
these nutrients are taken up through the root system of rooted macrophytes.  Using small 
experimental wetlands, Rogers et al. (1991) found that plant uptake accounted for over 
90% of the nitrogen removed from wetlands (as cited in Wood et al., 1999).  On different 
occasions, plant nitrogen uptake and microbial denitrification have been labeled as the 
major nitrogen removal mechanisms in wetlands (Wood et al., 1999).  Breen (1990) 
found that when wastewater was introduced vertically into the wetland, the time in which 
the water was in contact with the root increased, which therefore increased the uptake of 
nitrogen (as cited in Wood et al., 1999). 
Macrophytes also provide physical effects that are of extreme importance when 
treating wastewater. These plants provide excellent conditions for physical filtration, 
keep the surface soil of beds together, inhibit the clogging of vertical flow systems, and 
act as insulation for the soil during the cold months of winter (Smith et al., 1997).  The 
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stems and leaves of macrophytes provide a huge surface area for biofilms.  
Microorganisms attach themselves to the roots and rhizomes of macrophytes (Chappell 
and Goullder, 1994; Gumbricht, 1993).  This provides them with an ideal substrate to 
grow. 
1.2.3 Hydraulic Performance of Soils 
 Wetlands have demonstrated an ability to remove the harmful bacteria and high 
levels of nutrients present in wastewater (Gopal, 1999; Frankenbach and Meyer, 1999; 
Kadlec and Knight, 1996).  The underlying soil acts as a filter to remove harmful bacteria 
and also provides an excellent media for bacterial growth to occur (Jillson et al, 2000; 
Jansson et al, 1994).  However, the linear velocity and characteristics of the wastewater 
moving through the media greatly influences the efficiency of treatment.   Wastewater 
from coastal camps generally has characteristics considered high strength (Table 1.2.2).   
Table 1.2.2 – A summary of the typical wastewater concentrations 
Parameter Typical Influent 
Concentration* (mg/l) 
CBOD5 (Unfiltered) 110-350 
TKN (Unfiltered) 20-70 
TAN (Unfiltered) 12-45 
NO2--N (Filtered) 0 
NO3--N (Filtered) 0 
TP (Unfiltered) 4-12 
PO4-P (Unfiltered) 1-4 
TSS 120-400 
VSS 95-315 
*Metcalf and Eddy (2003) 
 
The solids and organic loading of the system reduces pore space, which will decrease the 
linear velocity of the wastewater moving through the media (Baveye et al, 1998).  The  
impact of decreased porosity on hydraulic conductivity is made apparent by the Darcy- 
Weisbach equation: 
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                                   g
V
D
Lfh f 2
2=                      (1-9) 
where: f =  friction factor  
L = Length  
D = Diameter 
V = Velocity 
g = Gravitational force                                           
 
Porous media has been shown to lose its ability to conduct liquids over time 
(Baveye et al, 1998; Blazejewski and Blazejewska, 1997).  The soil pressure is directly 
related to the hydraulic conductivity, Ks, of the soil, where a decrease in Ks will increase 
the pressure.   Although the contact time between the wastewater and media will increase 
the microbial degradation of contaminants, it may lead to hydraulic 
channelization/system failure.  By creating a hydraulic conduit, a path is created in which 
the wastewater bypasses much of the media; therefore decreasing the amount of treatment 
the wastewater is receiving (McMurry et al, 1998). 
 Clogging results from a reduction of pore space due to physical, biological, and 
chemical processes that occur in the subsurface environment (Baveye et al, 1998).  
Suspended solids, which are present in wastewater, may accumulate in the pore space of 
the media as wastewater is injected, thus creating a reduction of Ks and eventually 
clogging (Hijnen and Kooij, 1992).  Clogging may also result from the biomass that is 
known to accumulate around the point of wastewater injection (Taylor et al, 1997).  The 
media around the injection point contains elevated levels of organics and nutrients, 
therefore making this area an ideal habitat for a wide range of microorganisms.  This 
biofilm may decrease the pore volume enough that clogging occurs.  The production of 
nitrogen gas N2 by denitrifying bacteria can cause a build up of gas in the pore space, 
which will therefore reduce the Ks of the soil.  Chemical reactions, such as ion exchange, 
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may occur in the soil, which will directly affect the Ks of the underlying soil (Baveye et 
al, 1998).   
The injection of freshwater into saline groundwater has been shown to decrease 
the Ks of clay containing soils (Goldenberg and Magaritz, 1983). As a result of reducing 
the concentration of electrolytes and/or elevating the sodium adsortion ratio of the 
penetrating solution, clay-sized particles tend to disperse and become fixed in soil pores 
(Rengasamy et al, 1996; Shainberg and Levy, 1992).  Additionally, sulfate reducing 
bacteria, which are present in anaerobic environments, produce hydrogen sulfide (H2S). 
H2S reacts with ferrous iron (Fe2+) producing iron sulfide. As a result of precipitation 
reactions, this iron sulfide becomes attached to soil particles, therefore reducing the 
permeability of the soils.  Under aerobic conditions Fe oxidizing bacteria can also cause 
clogging (Taylor et al, 1997).   
 Clogging is observed through the monitoring the pressure of the system.  A steady 
rise in pressure over time indicates clogging.  However, a drastic drop in pressure during 
injection indicates hydraulic channelization.  By determining the optimal injection 
scheme (flowrate and cycle), the potential for these problems is greatly reduced. 
1.2.4 The Effect of Temperature on Nitrogen Removal 
 Temperature has an impact on a number of microbial processes occurring in the 
soil.  During the colder periods of a year, the rate at which microorganisms remove 
constituents from wastewater decreases for many biological processes.  However, little 
temperature effects have been shown for full-scale subsurface wetlands (Kadlec and 
Knight, 1996; Gumbricht, 1992).  Microbial activity is elevated in warmer conditions, 
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therefore increasing removal rates.  However, this increase in activity also causes an 
increase in biomass production, which may cause a decrease in Ks. 
1.3 Summary 
 Studies have shown the ability of wetlands to remove organic matter, nutrients, 
and bacteria (Frankenbach and Meyer, 1999; Gopal, 1999; Kadlec and Knight, 1996; 
Janson et al.,  1994; Gersberg et al., 1986).  However, this thesis will focus mainly on the 
removal of nitrogen.  The main processes potentially responsible for the removal of 
nitrogen in the MUS include adsorption, nitrification/denitrification, and anammox.  The 
main objectives of this research were to evaluate the performance of the MUS under high 
hydraulic loading and low temperatures and to determine the most ideal injection scheme 
to effectively remove nitrogen without hydraulic failure.  This thesis is composed of two 
manuscripts: 1) Treatment Efficiency of the Marshland Upwelling System Under High 
Hydraulic Loading and Low Temperature 2) An Evaluation of Nitrogen Removal in the 
Marshland Upwelling System. 
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Chapter 2:  Treatment Efficiency of the Marshland Upwelling System Under High 
Hydraulic Loading and Low Temperature 
 
2.0 Introduction 
Coastal regions contribute significantly to the economy and recreational pleasures of 
the nation.  Although the true value of wetlands and estuarine regions may never be fully 
understood, they are playing an increasingly more important role as coastal regions have 
become some of the fastest growing and most densely populated areas in the United 
States.  By 2010, the nation’s coastal population is expected to reach roughly 165 million 
people (NOAA, 1998), which will result in aggravated water quality problems.   
Abundant natural resources provide enormous recreational opportunities for residents 
and tourists, and have spurred the development of thousands of hunting and fishing 
camps and year-round residences along coastlines (NOAA, 1998).  A majority of the 
camps are built directly over the water or on land of minimal elevation.  The low camp 
density and sporacity of usage of the hunting and fishing camps creates problems with the 
use of conventional treatment alternatives such as mechanical plants and limited-use 
systems (Batelle, 1999; USEPA, 1999a).  Consequently, much of the domestic 
wastewater produced in coastal dwellings is discharged into the surrounding water bodies 
virtually untreated, impacting not only the water quality but also the flora and fauna of 
the area.  
 As an example, improperly treated wastewater has a tremendous impact of the 
shellfish industry.  The 1995 National Shellfish Register of Classified Waters 
documented that 6.7 million acres of shellfish growing waters are harvest limited 
(conditionally approved/restricted, restricted or prohibited), representing 31% of the 
nation’s total waters (NOAA, 1997).  In Mississippi, the site of the Grand Bay National 
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Estuarine Research Reserve (NERR), 36% of oyster growing waters are harvest limited 
(NOAA, 1997).  Another example of the detrimental effects untreated wastewater may 
have on a water body is eutrophication, which is becoming an important issue.  
Eutrophication spawns from elevated levels of nutrients in a water body, therefore 
causing algal blooms, and finally resulting in fish kills (Kadlec and Knight, 1998).   
The traditional methods for the treatment of coastal dwelling wastewater include 
mechanical plants, limited-use systems, and septic systems.  Mechanical plants provide 
primary and secondary treatment in a single unit, and often require maintenance and 
efficient operation.  As mentioned previously, coastal hunting and fishing camps are 
often used sporadically. Therefore, mechanical plants are not always a viable option 
(Batelle, 1999; USEPA, 1999a).  Limited-use systems consist of a tank and a chlorine 
contact chamber. Proper treatment of the wastewater requires the presence of chlorine 
tablets in the chamber at all times.  Unfortunately, this does not always occur, resulting in 
the release of wastewater high in microorganism counts (Batelle, 1999).  In septic 
systems, most settable and floatable material is removed in the septic tank, which also 
serves as an anaerobic digester (Batelle, 1999).  The septic effluent is discharged to a soil 
or sand adsorption field to treat bacteria and the high levels of nutrients present in the 
wastewater. The biological and physical processes occurring in the soil matrix as the 
wastewater travels through this absorption field reduce the elevated levels of bacteria and 
nutrients prior to discharge to the environment (USEPA, 2002c).  In areas with 
appropriate (unsaturated) soils and hydraulic capacities, septic systems work well. In the 
United States, only about one-third of the land is deemed suitable for adsorption, but 
roughly one-fifth of the population uses septic systems (USEPA, 2002; Scandura and 
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Sobsey, 1997).  Consequently, septic systems have been ranked the third most common 
source of groundwater contamination (USEPA, 1996). High water tables, which force 
untreated wastewater to pool on the surface of the soil, and poor hydraulic conductivity 
associated with clayey soils along the Gulf of Mexico renders septic systems ineffective  
(Battelle, 1999).  
  Wastewater has been discharged into natural wetlands since sewage has been 
collected (at least 100 years in some locations), but the purifying capabilities of natural 
wetlands were not realized until the 1960s and 1970s (Kadlec and Knight, 1996).  The 
ability of wetland organisms to adapt to wastewater inflow and utilize the different 
organic and inorganic pollutants present in the wastewater for their metabolism enables 
wetlands to effectively treat wastewater (Hench et. al, 2003; Tanner et. al, 2002; Gopal, 
1999; Sakadevan and Bavor, 1999; Crites et. al., 1997; Drizo et. al., 1997; Lakatos et. al., 
1997; Crites, 1992; Khalid et. al., 1981). 
Wetland macrophytes have been shown to enhance the removal of pollutants from 
wastewater (Gersberg et. al., 1983; McIntyre and Riha, 1991).  The root systems of 
wetland macrophytes also exhibit a huge surface area, which is ideal for supporting 
numerous microorganisms necessary for treating wastewater (Smith et al., 1997).   
Wetland treatment studies conducted to date have focused on the removal of 
bacteria, suspended solids, carbonaceous biological oxygen demand (CBOD), and 
nutrients such as phosphorus and nitrogen (Hench et. al, 2003; Tanner et. al, 2002; 
Luederitz et. al., 2001; Lau and Chu, 2000; Gopal, 1999; Sakadevan and Bavor, 1999; 
Drizo et. al., 1997).  The sand/soil matrix of wetlands serves as a filter to remove bacteria 
from wastewater (Kadlec and Knight, 1996). Nitrogen is primarily removed via 
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adsorption onto clay particles, nitrogen/denitrification reactions, and anammox, all of 
which may take place in systems with appropriate dissolved oxygen/redox conditions 
(Demir et al., 2002; Sakadevan and Bavor, 1999; Jetten et al., 1998; Green et al. 1997; 
Hanaki et al, 1990).  CBOD5 can be removed from the wastewater through filtration, 
sorption onto organic and clay fractions, and anaerobic/aerobic biochemical processes 
(Burgoon et al., 1999; Choate et al., 1990).  Adsorption and precipitation are responsible 
for the removal of phosphorus from wastewater (Drizo et al., 2002; Kadlec, 1997; Breen, 
1990; Richardson, 1985).  
The first constructed wetland treatment pilot system in North America was built at 
Brookhaven National Laboratory in 1973, and since then constructed wetlands have 
shown much success treating wastewater (Kadlec and Knight, 1996).  However, the 
designs for these wetlands are often site specific and highly variable. Also, due to the 
high water table and standing water present in many coastal areas, the common designs 
may not be relevant.  The topography of coastal areas often limits the use of typical 
natural wetland systems.  Along the coast, there are no natural boundaries that regulate 
the flow of the wastewater. Therefore, once discharged to the wetland, wastewater 
disperses freely to adjacent water bodies uncontrolled. 
The Marshland Upwelling System (MUS) was developed at Louisiana State 
University as a domestic wastewater treatment alternative for coastal areas.  The MUS 
consists of a collection/distribution tank, an injection pump, timer, injection well, one 
monitoring well, and the subsurface soil matrix (Figure 2.0.1).  Settled wastewater 
collected in the collection tank (retention time < 1 day) is intermittently injected to a 
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depth below ground surface (bgs).  Intermittent injection facilitates pressure dissipation  
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Figure 2.0.1 – A schematic of the MUS 
active pumping phase.  This is followed by upward movement driven by buoyancy forces 
created by the density gradient between the native, saline ground water and the fresh 
wastewater. As this gradient dissipates in the shallower soils, lateral dispersion becomes 
the main driving force for plume movement.  As the wastewater plume travels through 
the soil matrix, physical, chemical, and biological processes reduce wastewater pollutants 
to levels acceptable for discharge (Richardson and Rusch, 2003, Watson Jr. and Rusch, 
2002; Watson Jr. and Rusch, 2001).   
The performance of saturated soil matrices for wastewater treatment is mainly 
impacted by the hydraulic/solids/organic loadings of the system and the surrounding 
groundwater. The potential for clogging of the media around the point of injection and 
hydraulic channelization are concerns for any subsurface environment accepting organic 
matter (Baveye, 1998).  High hydraulic loading rates will likely increase the solids and 
organic loading rates of the system. This may cause clogging, therefore directly 
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impacting the soil pressure and treatment efficiency of the system.  Although the 
clogging layer may create an effective biofilter, which would enhance the performance of 
the system, it may become a disadvantage due to reduce hydraulic conductivity, which 
would increase the likelihood of pressure build up and hydraulic channelization (Baveye 
et. al., 1998; Blazejewski and Blazejewska, 1997).  
The temperature of the saturated soil matrix may also influence the treatment 
capabilities of the system, where in periods of cold temperatures, the rate at which 
microorganisms remove a compound is reduced.  However, either minimal or no 
temperature effects in full-scale subsurface flow wetlands are reported (Kadlec and 
Knight, 1996; Gumbricht, 1992).   
The objective of this paper is to present the results of an evaluation of the treatment 
capabilities of the MUS during maximum hydraulic loading and low temperatures.  It is 
assumed that these conditions will be the driving force for the development of design and 
operational criteria.   
2.1 Methodology 
2.1.1 Study Site 
The field site is located along Bayou Cumbest within the Grand Bay National 
Estuarine Research Reserve (NERR), Mississippi.  The saline marsh is dominated by the 
wetland macrophyte Juncus roemerianus and is classified as a shellfish harvesting water 
body.  Roughly 50-60 residents reside in the surrounding watershed. Septic systems are 
the prevalent wastewater treatment option for this community. However, the Mississippi 
Department of Health conducted a survey revealing that a large number of these systems 
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were operating ineffectively (MSU, 2000).  In 1996, Bayou Cumbest was ranked the 
most impaired water body in Mississippi (MDEQ, 1996). 
A continuous intrusion cone penetrometer (CICP) and soil corings were used to 
characterize the soil matrix.  The CICP was performed at the edge of the marsh on solid 
ground.  However, the results are assumed to be consistent with the marsh soils.  Soil 
corings were taken in small increments until the entire depth of interest was represented. 
Sieve (ASTM C117, C136) and hydrometer analyses (ASTM D422) were performed to 
determine the fraction of sand, silt, and clay present at the different depths. Organic 
carbon (ASTM D2974) was measured for both surface and the depth at which injection 
occurs (Bardet, 1997; ASTM, 1995).   
At the depth of injection, the soil contains a high percentage of compact sand 
(hydraulic conductivity ,Ksat = 1.2-2.4) (Table 2.1.1).  At a depth of 2 - 2.5 m, the tip 
resistance (indication of compacted sand) exceeded the ability of the CICP instrument to  
Table 2.1.1 – Selected properties of field soil at various depths within the MUS (Grand 
Bay NERR, MS) 
a Unable to calculate d10 values 
*Excludes plant matter 
N/A – Not analyzed 
 
penetrate any deeper. The high sand content allows for more vertical movement of the 
wastewater.  However, as the depth decreased the clay content (Ksat = 0.3-0.6) of the soil 
Property Units Depth Interval (m) 
  0 – 1.2* 1.2 – 2.4 2.4 – 3.0 3.0 – 3.8 
Sand % 44 37 62 86 
Silt % 44 40 23 9 
Clay % 12 23 15 5 
Mean grain size diameter 
(d50) 
mm 0.10 0.04 0.10 0.16 
Uniformity coefficient 
(d60/d10) 
 -- a -- a -- a 1.08 
Fraction of organic 
content (foc) 
% 9.0 ± 0.5 N/A N/A 0.5 ± 0.1 
 29
increased. The CICP results corroborate the corings results. Due to the decrease in Ksat of 
the soil and reduced buoyancy forces, the wastewater will travel more laterally (Kadlec 
and Knight, 1996).  When approaching the surface of the marsh the soil was dark with 
high organic matter content, which is indicative of the Scatlike series soil (clayey, 
mineral, semifluid soils) commonly found along the Gulf of Mexico (USDA, 1984). Due 
to the slope of the land, these soils are not very well drained.  The Scatlike soils present at 
the field site extend to a depth of 0.9 to 1.2 m.  
2.1.2 Experimental System   
The experimental system consisted of an injection pump, water meter, pressure 
transducer/data logger, timer, injection well, monitoring wells, two collection tanks, and 
the soil media.  Under normal circumstances, wastewater was collected from the primary 
camp and a public 
restroom in a 208-liter 
collection tank (Figure 
2.1.1).  The primary 
camp is used year 
round, providing a 
constant source of 
wastewater.  The 
public restroom is used 
mostly during the 
spring and summer months and can vary dramatically     depending on the weather.  A 
submersible pump in the collection tank was used to pump the wastewater 121.9 m to a 
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Gravel
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Boat Launch 
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Figure 2.1.1 – Map of experimental site in Grand Bay, MS 
 30
1,325-liter collection/distribution tank, which also receives wastewater from a second 
camp (Camp 2).  Camp 2 is sporadically used.  The wastewater in the primary 
distribution tank is injected into the subsurface soils at a designated flow rate and 
frequency.   
The injection well consisted of a 19 mm (outside diameter) PVC pipe enclosed in a 
51 mm (outside diameter) PVC pipe casing (Figure 2.1.2). The injection point was the 
open-ended 19 mm PVC pipe.  The monitoring wells were constructed in a similar 
fashion, however, attached to the lower end of the monitoring wells was a 0.3 m section 
of well screen containing 0.25 mm slits (Figure 2.1.2). A gravel pack (20-40 mesh sand) 
was placed around the monitoring wells to prevent clogging of the slits. 
 Figure 2.1.2 – Design specifications for the MUS injection and monitoring wells 
A water meter (Aquatic Ecosystems, Inc., Model #FM2), placed in line between the 
injection pump and well, recorded the total volume of wastewater injected. A data logger 
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and pressure transducer were placed on the injection well to record the pressure for each 
injection period and allow monitoring of pressure dissipation during the resting stage.  
The wastewater was injected 3.8 m (bgs), and the movement of the plume was monitored 
by a series of monitoring wells placed at depths of 1.5, 2.3, and 3.0 m (Figure 2.1.3).  
Wastewater collected from the 1.5-m wells was considered the system effluent due to 
concerns of surface contamination above this point.  However, it is recognized that 
treatment will continue in the remaining 1.5 m of travel.  Additionally, macrophytes play 
an important role in this zone; however this manuscript will not focus on macrophytes’ 
impact.  Subsequently, the results from the 1.5-m wells are considered conservative.   
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Figure 2.1.3 – The MUS consists of one injection well (?) and 38 monitoring wells at 
depths of 1.5 m (?), 2.3 m (▲), and 3.0 m (?). Each grid square is equal to 0.61 m X 
0.61 m. 
 
2.1.3 Experimental Design and Operation 
Operation of the MUS began on June 3, 2001, resulting in a fully acclimated 
system prior to start of this study.  The volume of wastewater injected prior to the study 
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was 30,701 L.  The inner set and outer set of monitoring wells had 6.3 and 1.6 pore 
volume exchanges, respectively, prior to the start of the study.  These calculations were 
based on a porosity of 0.37 and 0.20 for sand and clay, respectively.  Additionally, the 
plume volume was assumed to be cylindrical, yielding conservative results.  The most 
important operational guideline for the MUS is the injection scheme, which includes the 
injection frequency, the length of injection, and the flowrate. A series of injection 
frequencies and flowrates were tested from June 3, 2001 to the start of the artificial 
wastewater study (January 21, 2002) to determine which combination maximized the 
hydraulic loading rate of the system while achieving satisfactory treatment without a 
build up in system pressure.  After analyzing the results of the studies, a flowrate of 2.8 
lpm injecting 30 min every 3 hr was most effective. 
The artificial wastewater study was conducted between January 21 and April 1, 
2002 to evaluate the system’s response to maximum hydraulic loading rates under cooler 
temperatures. The background conditions are summarized in Table 2.1.2.   The  
Table 2.1.2 – A summary of the background conditions in Moss Point, MS 
 Bayou Monitoring well depth (m) 
Parameter Cumbest 1.5  2.3  3.0  
CBOD5  
(mg/l) 
2.0 ± 0.3 
(11) 
28.7 ± 15  
(16) 
47.0 ± 22  
(14) 
69.8 ± 31  
(16) 
TKN  
(mg-N/l) 
0.4 ± 0.1 
(9) 
2.5 ± 2.1  
(12) 
8.6 ± 6.1  
(13) 
27.1 ± 25  
(13) 
TAN  
(mg-N/l) 
0.1 ± 0.02 
(11) 
1.6 ± 1.4  
(10) 
7.2 ± 5.6  
(11) 
25.9 ± 19  
(11) 
NO2-  
(mg-N/l)  
0.004 ± 0.001 
(8) 
0.02 ± 0.02  
(8) 
0.02 ± 0.01  
(10) 
0.02 ± 0.02  
(8) 
NO3-  
(mg-N/l) 
BDL 
(8) 
BDL  
(8) 
BDL  
(8) 
BDL  
(8) 
TP  
(mg-P/l) 
0.03 ± 0.01 
(11) 
0.3 ± 0.1  
(12) 
0.9 ± 0.7  
(11) 
2.8 ± 2.0  
(12) 
PO4-  
(mg-P/l) 
0.01 ± 0.01 
(8) 
0.2 ± 0.1  
(10) 
0.7 ± 0.4  
(9) 
2.4 ± 1.5  
(10) 
Note: Sample events are noted in parenthesis and BDL is  below the detection limit (<.002 mg/l) 
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organic and nutrient concentrations were highest at the 3.0 m monitoring well depth.  As 
the monitoring well depth decreased, the concentrations also decreased.  The injection 
scheme (2.8 lpm; 30 min/3hr) used during the study resulted in a daily hydraulic loading 
rate of 780 lpd. During the artificial wastewater study, the wastewater is injected every 
possible cycle, ensuring a maximum hydraulic loading to the marsh. The parameters of 
interest throughout the study were CBOD5, TKN, TAN, NO2--N, NO3--N, TP, and PO4-P.  
While fecal coliforms were analyzed during the study, the results are not included in this 
manuscript because the concentrations were diluted and not indicative of normal 
concentrations.   
Over the course of a year, the usage of the two camps and the public restroom 
varies depending on the season and/or weather conditions, therefore resulting in sporadic 
generation of wastewater.  To provide a continual, maximum hydraulic loading rate, 
artificial wastewater was provided to the primary distribution tank (Table 2.1.3). A 189-L  
Table 2.1.3 – Recipe for synthetic wastewater concentrate to achieve target 
concentrations 
Constituent Measured Concentration 
Dextrose 
Glutamic Acid 258 mg/l 
Trace element solution -- 
         Na2*EDTA 
         FeCl3 * 6H2O 
         CuSO4 * 5H2O 
         ZnSO4 * 7H2O 
         CoCl2 * 6H2O 
         MnCl2 * 4H2O 
         Na2MoO4 * 2H2O 
0.04 mg/l 
0.2 mg/l (0.04 mg/l Fe) 
7 X 10-4 mg/l (0.18 µg/l Cu) 
0.001 mg/l (0.35 µg/l Zn) 
7 X 10-4 mg/l (0.18 µg/l Co) 
0.01 mg/l (0.004 mg/l Mn) 
4 X 10-4 mg/l (0.18 µg/l Mo) 
Sodium phosphate 11.5 mg-P/l 
Ammonium chloride 100 mg-N/l 
 
tank used to store the concentrated wastewater was placed on top of the primary 
distribution tank. A drip line was used to administer the concentrated wastewater to the 
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primary distribution tank at a rate of 14 ml/min.  A float valve placed in the primary 
holding tank, and attached to a water source, ensured maximum wastewater volume at all 
times.  The target influent concentrations of the investigated parameters were based on 
the previous influent concentrations for the system (Table 2.1.4).  
Table 2.1.4 – A summary of the characteristics of the target and synthetic influent 
Parameter Standard 
Method 
Procedure* 
Target Influent 
Concentration** 
(mg/l) 
Synthetic Influent 
Concentration 
(mg/l) 
Typical Influent 
Concentration*** 
(mg/l) 
CBOD5 
 (Unfiltered) 
5210 B 258 ± 26.2  
(12) 
227 ± 170  
(3) 
110-350 
CBOD5 
 (Filtered) 
5210 B -- 171 ± 154  
(3) 
-- 
TKN  
(Unfiltered) 
4500-Norg B 100.4 ± 14.4  
(14) 
120 ± 100  
(3) 
20-70 
TKN  
(Filtered) 
4500-Norg B -- 110 ± 94  
(3) 
-- 
TAN  
(Unfiltered) 
4500-NH3 D 104.4 ± 15.9  
(12) 
86 ± 53  
(4) 
12-45 
TAN 
(Filtered) 
4500-NH3 D -- 79 ± 50  
(4) 
-- 
NO2--N 
(Filtered) 
4500-NO2- B 0.1 ± 0.6  
(10) 
0.3 ± 0.1  
(4) 
0 
NO3--N  
(Filtered) 
4500-NO3- B BDL BDL 0 
TP  
(Unfiltered) 
4500-P E 12.7 ± 2.0  
(12) 
14 ± 9  
(4) 
4-12 
TP 
(Filtered) 
4500-P E -- 13 ± 10  
(4) 
-- 
PO4-P 
(Unfiltered) 
4500-P B 10.6 ± 2.1  
(11) 
7.2 ± 6.6  
(3) 
1-4 
TSS 2500 D 182 ± 44.3  
(22) 
256.1 ± 154  
(6) 
120-400 
VSS 2540 E 139 ± 35.6  
(21) 
207.0 ± 123  
(6) 
95-315 
*APHA, 1998 
**Based on measurements from June 3, 2001 - January 21, 2002 
***Metcalf and Eddy (2003) 
BDL -  below the detection limit (<.002 mg/l) 
Note: Sample events are noted in parenthesis. 
 
 In-situ salinity, pH, and temperature for the influent, bayou, and all monitoring 
wells were measured once every two weeks.  The dissolved oxygen concentrations of the 
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influent was also monitored throughout the study.  Injection pressure data were 
downloaded from the data logger to monitor signs of potential clogging (seen as a steady 
rise in pressure over a duration of injection cycles) and/or hydraulic channelization (seen 
as a sudden drop in pressure during an injection cycle).  Samples for CBOD5, TKN, 
TAN, NO3--N, NO2--N, TP, and PO4-P were collected once every two weeks from the 
primary distribution tank and monitoring wells, which were selected based on the 
location of the wastewater plume.  Samples from the primary distribution tank were also 
analyzed for total suspended solids (TSS) and volatile suspended solids (VSS). Both  
unfiltered and filtered influent samples were analyzed and compared to determine the 
impact of solids.  All samples were collected in polyethylene bottles, placed on ice, and 
immediately transferred to the Department of Civil and Environmental Engineering’s 
Water Quality Lab at Louisiana State University. The samples were filtered through GF-
C filters (except one-liter of influent) and analyzed for the parameters previously 
mentioned in accordance to the procedures outlined in Standard Methods (APHA, 1998).   
2.1.4 Data Analysis 
The Environmental Protection Agency permits on-site treatment systems based on 
the secondary standard of 30 mg/l CBOD5 (5-day effluent carbonaceous biochemical 
oxygen demand) (USEPA, 2002c). Therefore, the MUS’ performance was based on this 
limit (Turnbo, 2001). An effluent limit for TKN of 10 mg-N/l was used when evaluating 
the performance of nitrogen removal; however this limit was self-imposed and used only 
as a tool to evaluate the performance of the system.  The limit of 10 mg-N/l was chosen 
based on EPA documents dealing with future regulations. 
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Influent mean and standard error values were calculated for in-situ parameters, 
CBOD5, TKN, TAN, NO2--N, NO3--N, TP, PO4--P. Overall means and standard errors 
were also calculated at each monitoring well depth and vector distance (the most direct 
path from the point of injection to the centroid at the bottom tip of the monitoring well) 
for CBOD5, TKN, TAN, and Phosphorus. Overall mean concentrations for CBOD5, 
TKN, and TAN were plotted against their corresponding vector distances to determine 
distance-based rate removal constants.  These rate constants were then used to predict the 
distance required for treatment to a standard and surface concentrations.  The probability 
that the surface concentration would exceed the standard limit was also calculated, using 
probability density functions.  The influence of temperature, depth, and hydraulic loading 
on the MUS’ performance was determined.  All statistical analyses were performed in 
Microsoft Excel 2000, SAS, Sigma Plot 5, and SPSS 11.0 using a 0.05 confidence level. 
Hydraulic loading rates (HLR) were calculated over each two-week sampling 
period. 
where: V = volume (l) 
           ∆t  = change in time  (days) 
                                                     
HLR was based upon the amount of wastewater injected over a given period of time. 
The MUS does not have a defined treatment volume, therefore, typical constituent 
loading rates cannot be calculated.  Subsequently, constituent loading rates (CLR) are 
defined as daily mass loadings: 
  
where:  C = Constituent concentration (g/l) 
 
 
t
VdlHLR ∆=)/( (2-1) 
CHLRdgCLR ×=)/( (2-2) 
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2.2 Results and Discussion 
The artificial wastewater influent concentrations were based on target influent 
concentrations, which were the average concentrations up to the point of the study (June 
3, 2001 – January 21, 2002).  Temporary clogging of the neoprene tubing feeding the 
artificial wastewater to the primary distribution tank caused the majority of the variation 
between the target and artificial concentration.  The wastewater can be classified as high 
strength in terms of the nutrient concentrations, and medium strength wastewater when 
discussing CBOD5, TSS, and VSS.  The high TSS and VSS concentrations during the 
study were caused by an aerator which was in the primary distribution tank.  The aerator 
assured that the artificial wastewater was well mixed at all times.  The mean dissolved 
oxygen concentration in the wastewater was 3.3 ± 1.5 mg/l.  
Table 2.2.1 – A summary of the in-situ parameters at each monitoring well depth 
Note: Sample events are noted in parenthesis. 
 
Table 2.2.1 contains the mean salinity, pH, and temperature for each monitoring 
well depth before and after the study. During the course of the study, tide levels and the 
salinity in Bayou Cumbest were high.  This caused an increase in surface contamination 
Depth 
(m) 
Pre-Study 
Salinity 
(ppt) 
Salinity  
(ppt) 
Pre-Study 
pH 
pH Pre-Study 
Temperature 
(ºC) 
Study 
Temperature 
(ºC) 
1.5  24 ± 4.2 
(18) 
26 ± 0.9 
(5) 
6.4 ± 0.2 
(14) 
6.6 ± 0.2 
(5) 
22.6 ± 3.1  
(14) 
17.1 ± 1.4  
(5) 
2.3  23 ± 3.9 
(18) 
22 ± 1.8 
(5) 
6.6 ± 0.2 
(14) 
6.8 ± 0.2 
(5) 
22.7 ± 2.8  
(14) 
17.3 ± 1.6  
(5) 
3.0  6.0 ± 0.5 
(18) 
10 ± 1.5 
(5) 
6.8 ± 0.2 
(14) 
7.0 ± 0.1 
(5) 
22.8 ± 2.2  
(14) 
17.9 ± 1.0  
(5) 
Influent -- -- 8.0 ± 0.2 
(10) 
7.6 ± 0.2 
(5) 
21.5 ± 1.9 
(10) 
18.4 ± 2.0 
(5) 
Bayou 
Cumbest 
7.7 ± 2.2 
(17) 
16 ± 1.6 
(5) 
7.3 ± 0.1 
(14) 
7.7 ± 0.2 
(5) 
24.9 ± 1.9 
(14) 
17.1 ± 2.0 
(5) 
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as indicted by fecal coliform results.  Additionally, these factors are one potential 
explanation for the high salinities in the 1.5 m monitoring wells.  The salinity of the inner  
3.0 and 2.3 m wells was diluted due to the wastewater injected over the study period. 
However, the salinity of the outer 3.0 m wells remained unaffected while the outer 2.3 m 
wells reflect the plume movement (Figure 2.2.1).  This lateral movement is a result of the  
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Figure 2.2.1 – A comparison of pre- and post-study salinities of the a.) 1.5, b.) 2.3, and c.) 
3.0 m monitoring wells. (0,0) is point of injection (Coordinates are units of feet) 
 
Pre-study Post-study 
b) 
a) 
c) 
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soil’s increased clay content and reduced buoyancy forces at a depth of 1.2-2.4 m.  The 
salinity increased as the distance from the point of injection increased.  Both before and 
after the study the salinity decreased with depth reflecting the location of the wastewater 
plume.  Higher pHs were recorded at the deeper wells. There was a significant difference 
between the pre- and post-study pHs (P =  0.015).  However, no significant difference 
was detected in the pre- and post- salinities (P = 0.749). The temperatures during the 
study were significantly lower than pre-study temperatures (P = 0.001).  The temperature 
of the system was lowest at the upper wells due to ambient temperatures, however the 
temperature increased with an increase in depth. The temperatures of the 1.5 and 2.3 m 
monitoring wells were not significantly different (P = 0.535).  However, the 3.0 m 
monitoring wells temperatures differed from both the 1.5 and 2.3 m wells (P = 0.001).  
The average redox  potential (Eh) within the wastewater plume was -77, -31, and -138 
mV for the 1.5, 2.3, and 3.0 m monitoring wells, respectively, indicating a very reduced 
environment. 
 The total volume of wastewater injected and the overall HLR over the study 
period were 29,905 l and 780 lpd, respectively (Table 2.2.2).  This volume of injected 
wastewater yielded 6.1 and 1.5 pore volume exchanges for the inner and outer ring of 
wells, respectively.  The solids and organic loadings throughout the study were 194 and  
Table 2.2.2 – Summary of injected volume and average loadings  
Parameter Synthetic Study Pre-Study 
Wastewater injected 29,905 liters 30,992 liters 
Hydraulic loading rate 780 lpd 165 lpd 
Organic loading rate* 177 g /d 32  g /d 
Solids loading rate 200 g /d 30 g /d 
TKN loading rate 94 g /d  17 g /d 
TAN loading rate 67 g /d 17 g /d 
*Based on unfiltered CBOD5 
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117 g/d, respectively.  Table 2.2.2 also contains pre-study values, which were recorded 
during times of higher temperatures. Additionally, wastewater injection was sporadic, 
resulting in longer resting periods for the system.  Approximately, the same volume of 
wastewater was injected during the synthetic study as was from June 5, 2001 through 
January 21, 2002, while the hydraulic loading rate was four times the previous rate.  The 
organic and solids loading rates were six and three times the pre-study concentrations, 
respectively.  The average pressure throughout the study was 20.0 kPa compared to a 
mean pressure of 93 kPa for the previous 2.8 l/min study.  No incremental pressure 
increases were observed over the course of the study; therefore clogging was not an issue 
(Figure 2.2.2). Additionally, no sudden pressure drops were observed during injection 
(Figure 2.2.2).  Thus, hydraulic channelization in the immediate area surrounding the 
injection area can be ruled out.  Since no problems were exhibited in the pressure data, 
the MUS demonstrated its ability to receive high hydraulic loadings. 
Figure 2.2.2 – a) A typical pattern of pressure during injection cycles and b) a close up of 
the pressure during one cycle 
 
Overall, all parameters exhibited a reduction as the wastewater moved vertically and 
laterally through the subsurface (Table 2.2.3).  CBOD5, TKN, and TAN are all well  
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Table 2.2.3 – A summary of the parameter concentrations at various depths 
* 1.5 m concentrations were not significantly different than background concentrations 
n = number of sampling events 
Note: BDL is below the detection limit 
Below their respective limits when the wastewater reaches the 1.5 m wells. 
2.2.1  CBOD5 
The unfiltered CBOD5 averaged 227 ± 171 mg/l and had a range and constituent 
loading of 34.3 -358 mg/l and 177 g/d, respectively.  The concentration of CBOD5 in the 
inner 3.0 m monitoring wells increased from the start to the end of the study (Figure 
2.2.3).  However, the elevated hydraulic and organic loading rates during the study did 
not cause the concentration in the outer 3.0 m wells to rise.  This is consistent with the 
assumption of 
vertical then 
lateral 
movement and 
the salinity and 
pH plots. 
The 
total number of 
samples 
  Monitoring Well Depth 
Property Units 1.5 m 2.3 m 3.0 m 
CBOD5 mg/l 18.8 ± 4.0 (5) 52.0 ± 8.4 (5) 59.3 ± 12 (5) 
TKN mg-N/l 3.0 ± 4.0 (4) 12 ± 7.5 (5) 36 ± 21 (5) 
TAN mg-N/l 1.3 ± 1.0 (5) 8.5 ± 5.0 (5) 30 ± 24 (5) 
NO2 mg-N/l 0.003 ± 0.001 (5) 0.015 ± 0.02 (5) 0.004 ± 0.004 (5)  
NO3 mg-N/l BDL (5) BDL (5) BDL (5) 
TP mg-P/l 0.2 ± 0.2 (4) 0.9 ± 0.7 (4) 2.1 ± 1.4 (4) 
PO4 mg-P/l 0.7 ± 1.0 (3) 1.2 ± 0.6 (4) 4.1 ± 1.8 (4) 
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Figure 2.2.3 – A comparison of average concentrations of 
CBOD5 for the 3-m monitoring wells
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collected and analyzed for CBOD5 over the course of the study was 106. Fifty of the 106 
samples (47% of the samples) analyzed were over the 30 mg/l limit with the majority 
being 3.0 m samples. Only 7 of the 38 shallowest well samples (18% of the 1.5 m wells) 
were over this limit.  Once the wastewater traveled through the media, the CBOD5 was 
reduced to a mean value of 18.8 mg/l in the 1.5 m-monitoring wells, which was well 
below the EPA standard of 30 mg/l.  As mentioned previously, the wastewater still has an 
additional 1.5 m of travel, where additional treatment will occur, before reaching the 
surface.  The mean removal efficiency was 92%, which is the same as the 92% reported 
for CBOD removal in vertical flow wetlands by Von Felde and Kunst (1997). 
Most of the influent CBOD5 was in the soluble form (filtered/unfiltered = 0.77), 
and when comparing unfiltered influent to the concentration of CBOD5 in the nearest set 
of monitoring wells relative to the point of injection (1.4 vector m wells/unfiltered 
influent = 0.46), the two ratios were different.  Due to the differences in the ratios, it can 
be inferred that over the first 1.4 m of the sand/soil matrix the particulate CBOD5 is 
removed through biochemical processes. The exact transition zone between physical, and 
biochemical processes cannot be determined due to constraints on well placement. 
  Mann and Stephenson (1997) found an exponential decay in COD removal rates 
with respect to distance from the point of injection (Mann and Stephenson, 1997).  
Similarly, the reduction of CBOD5 versus vector distance was modeled as a first order 
decay curve (Figure 2.2.4). The overall average concentrations for monitoring wells of 
the same vector distance were plotted against the corresponding vector distances.  The 
equation yields a removal rate of 4.0 m-1. The correlation coefficient, r2 = 0.85, indicates 
that the removal of CBOD5 fits the model and can be used to predict the point at which 
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the CBOD5 falls below the 30-mg/l 
limit and the concentration of CBOD5 
after reaching the surface.  These 
calculations are based on the worst 
case scenario of complete vertical 
travel.  Based on the regression, the 
wastewater must travel a distance of 
4.1 vector meters for the CBOD5 limit 
to be met. However, according to the 
data after traveling 3.3-vector m, the 
CBOD5 concentration was reduced to 24.9, which is below the limit of 30-mg/l. The 
predicted surface concentration was 34 mg/l. However, in practice, the wastewater 
disperses more laterally with the decreasing buoyancy, allowing more travel distance for 
the wastewater to be treated effectively.  In addition to the wastewater dispersing laterally 
due to the decreasing buoyancy, the increased clay content at shallower depths causes 
lateral dispersion.    The change in salinities at the 2.3 m depth resulting from the 
movement of wastewater extends further outward with respect to 1.5 and 3.0 m 
monitoring wells illustrating the lateral movement caused by the increased clay and silt 
content (Figure 2.2.1).    Since the wastewater does not travel in a direct path at all times, 
removal rates were also calculated assuming that the wastewater travels the complete 
lateral distance to the monitoring well and then the vertical distance to the lower tip of the 
monitoring well.  Practically the wastewater will not follow this exact path.  Although 
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Figure 2.2.4 – First-order removal of CBOD5.  
Each data point represents the mean 
concentration at a given vector distance 
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r2 = 0.85 
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this assumption did lower the removal rates, it did not vary enough from the removal rate 
based on the vector distance to change the design modifications. 
By using the predicted 4.1 m vector distances to achieve CBOD5 = 30 mg/l, a 
system boundary can be established where once the wastewater crosses this boundary the 
wastewater can be considered effectively treated.  This boundary, which conceptually 
represents a cone, will extend 4.1 meters in all directions from the point of injection 
except down. The time required for the wastewater to travel this distance was determined 
from a dye study and was approximately 27 days. However, using clean sand, Richardson 
(2002) found that RWT has a retardation factor of 1.8 and therefore may not accurately 
quantify retention times. Due to the non-conservative nature of RWT the results would 
greatly underestimate that actual movement of the wastewater plume; therefore the time 
required to travel 4.1 vector meters is much less (Richardson, 2002).     
2.2.2  Nitrogen 
The concentration of TKN in the unfiltered influent ranged from 11.5 - 210.0 mg-
N/l, the mean concentration was 120 ± 100 mg-N/l, and the average loading was 94 g/d.   
The unfiltered TAN concentration in the influent over the course of the study ranged 
from 10.3 to 125.0 mg-N/l, and the mean influent concentration was 86 ± 53 mg-N/l.  
The average ratio of influent  TAN/TKN was 0.72 indicating that most of the TKN 
present was in the form of TAN. 
The high loading of TAN caused a rise in TAN concentration of the inner 3.0 m wells 
(Figure 2.2.5).  Although the concentration also increased in the outer 3.0 m wells, the 
rise in concentration was not as great as the inner wells.  Therefore, as the wastewater is 
moving away from the point of injection, treatment is occurring. 
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  When analyzing TKN in the influent, it was evident that most of the TKN present 
was in the soluble form (filtered/unfiltered  = 0.9).  After comparing the ratio of the 
concentration of TKN in the monitoring wells nearest the point of injection (1.4 vector m 
wells) to the unfiltered influent to the TKN concentration, the ratio was determined to be 
 
Figure 2.2.5 – A comparison of average concentrations of TAN for the 3-m monitoring 
wells 
 
0.7.  Similar to TKN and CBOD5, most of the TAN present in the influent was in the 
soluble form (filtered/unfiltered = 0.9).  Again comparing the ratio of the TAN 
concentration in the unfiltered influent to the TAN concentration in the nearest 
monitoring wells; a similar ratio is obtained (ratio = 0.87).  The similarity between these 
two ratios indicates that the major removal mechanism during the first 1.4 vector m of 
travel was physical filtration of the solids in contrast to CBOD5 which indicated 
biological treatment.  However, as the wastewater moves further from the point of 
injection biochemical processes are occuring to reduce the nitrogen concentration in the 
wastewater. 
  Of the 60 samples analyzed for TKN, 23 had concentrations above the limit of 10 
mg-N/l (38% of the samples). Seven of the samples above the limit were those located 
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nearest the injection well (vector distance of 1.4 m). Only one of the 17 (6%) effluent 
wells analyzed had a concentration that exceeded the limit. In fact, 15 of the 17 1.5 m 
wells had concentrations well below 5 mg-N/l.   The average concentration of TKN in the 
1.5 m wells was 3.0 mg-N/l, which is well below the limit of 10 mg-N/l.  The removal of 
TKN in the MUS was 98%, which was much higher than that observed by Mandi et al 
(1998).  Excellent removal was demonstrated by Gersberg et al (1998).   
A total of 89 samples were analyzed for TAN over the entire study, and of these 
samples, 25 had a concentration above 10 mg-N/l (28% of all samples).  Only one of the 
33 (3%) shallowest samples exceeded 10 mg-N/l. The average TAN concentration in the 
1.5 m wells was 1.3 mg-N/l (Table 2.2.4).  These results are consistent to those observed 
by Cooper et al. (1997).  Cooper et al. (1997) showed excellent removal of TAN in 
vertical flow wetlands.  Similarly, a number of researchers have found effective removal 
of TAN in wetlands (Luederitz et al., 2001; Cooper et al., 1997; Von Felde and Kunst, 
1997).  When introducing a wastewater with a TAN concentration of 116 mg/l, Von 
Felde and Kunst (1997) achieved 90% removal efficiency in vertical flow wetlands.  The 
MUS demonstrated a removal efficiency of 99%. 
The average concentrations of NO2-N for the 1.5, 2.3 and 3.0 m monitoring wells 
were 0.003, 0.015, and 0.004 mg/l, 
respectively.   Figure 2.2.6 illustrates 
NO2--N production/removal with 
vector distance.   
There was no NO3-N measured 
throughout the entire study. One 
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NO2- with vector distance 
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explanation is that at temperatures greater than 15ºC, the NH4+ oxidizers have a higher 
growth rate than the NO2- oxidizers; therefore, the NO2- oxidizers may be suppressed due 
to the MUS’ average temperature of 17.4ºC (Van Loosdrecht and Jetten, 1998).   
 TKN and TAN removal was modeled as a first order decay curve, similar to CBOD5 
(Figure 2.2.7).   Further investigation of each individual removal processes are needed 
Figure 2.2.7 – First-order removal of (a)  TKN and (b) TAN.  Each data point symbolizes 
the mean concentration at a given vector distance 
 
to fully understand the kinetics of the MUS.  Future research will investigate individual 
removal processes included adsorption kinetics such as Freundlich and Langmier. 
However due to time constraints, the overall removal was modeled as first order.  The 
removal rate constant for TKN was 0.69 m-1. The correlation coefficient (r2) of 0.81 
indicates that the data fits the model, and therefore can be used to predict the surface 
concentration and the distance required achieving the effluent limit of 10 mg-N/l.  The 
surface concentration was predicted to be 9.0 mg-N/l, while the travel distance required 
to reduce the influent TKN to 10 mg-N/l was 3.7-vector m.  Von Felde and Kunst (1997) 
demonstrated the reduction of nitrogen as distance increased in vertical flow wetlands.   
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The TAN removal was also modeled as an exponential decay curve (Figure 2.2.7b). 
The rate constant was 0.6 m-1. The r2 for the model was 0.70, which indicates a good fit. 
However, r2 was lower than CBOD5 and TKN, indicating adsorption played a role in the 
removal of TAN.  The predicted surface concentration was 4 mg-N/l, and the travel 
distance required to reduce the TAN concentration to 10 mg-N/l was 3.6-vector m. 
TAN may be removed within the MUS via several mechanisms. From the point of 
injection to 2.3 m, the primary mechanism removing the TAN is through physical 
filtration.  However, the high clay content of the sand/silt matrix at upper depth provides 
an excellent substrate for ion exchange (adsorption).  However, this process is finite, 
where eventually the NH4+ will be released back to the groundwater (Demir et. al., 2002; 
Evangelou, 1998).  Exhaustion of sorption sites has been demonstrated to take up to 50 
years depending on NH4+ introduction amounts, soil properties, and other factors (Mandi 
et al, 1998).   
Although the adsorption of NH4+ is a finite process, which will eventually lead to 
exhaustion of the sorption sites, once the NH4+ travels upward from the clay layer, 
conditions of the soil from 1.2 m towards the surface begin to be more able to support 
nitrification.  In the upper portion of the 0-1.2 m subsoil, plant roots extend downward, 
and two of the major removal mechanisms of nitrogen in wetlands have been labeled as 
plant nitrogen uptake and nitrification/denitrification taking place in the rhizophere 
(Wood et. al., 1999).  According to Breen (1990), the contact time between the 
wastewater and the root system increases when wastewater is introduced vertically, 
therefore increasing the nitrogen removal (as cited in Wood et al., 1999).  
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Although nitrification is probably very limited due to the reduced environment (-
77, -31, and -138 mV) of the lower sand/soil matrix of the MUS, nitrification and 
denitrification reactions may be responsible for some removal in the shallower depth 
(Sakadevan and Bavor, 1999). However, due to the limited detection of low levels of 
NO2- in the wastewater plume, some nitrification/denitrification may be occurring (Figure 
2.2.6).  Factors affecting nitrification are the availability of NH4+ and dissolved oxygen.  
Hanaki et al. (1990) studied nitrification at low DO levels, similar to the MUS, and found 
that in systems with DO levels of 0.5 mg/l the growth yield index of NH4+ oxidizers was 
elevated where the NO2- oxidizers were not affected.  Even though low DO levels inhibit 
the oxidation rate per unit biomass of NH4+ oxidizers, the elevated production of biomass 
makes up for this inhibition, which is possibly one explanation for the reduction of NH4+ 
in the MUS (Hanaki et al., 1990). Once the TAN is converted, the microorganisms can 
use NO2- or NO3- as the terminal electron acceptor, as described by Yoo et al. (1999), 
during the process of simultaneous nitrification-denitrification (SND).  Yoo et. al. (1999) 
demonstrated that this process of SND by NO2- to be effective when nitrification and 
denitrification take place in the same reactor, the DO level is low, the microorganisms 
have a high contact time with the influent all of which occur in the MUS.  However, Yoo 
et al. found that the temperature in the reactor is should be near 25ºC, and the pH raised 
(Yoo et. al., 1999).  The process of NH4+ being oxidized to NO2- then directly denitrified 
is beneficial for nitrogen removal processes and is a potential explanation for the lack of 
NO3- observed in the MUS throughout the study (Van Loosdrecht and Jetten, 1998).   
The NO3- concentration and the carbon availability are the limiting factors for 
denitrification. The Eh and pH values observed over the course of the study were in the 
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range where denitrification would occur if NO3- and carbon are present (Janson et.al., 
1994).  Due to the lack of NO3- present in the soil, the anoxic environment, and the 
elevated carbon content of these wetland soils in the MUS, the conditions are perfect for 
the immediate conversion of the NO3- to N2, therefore, decreasing the likelihood of the 
detection of NO3- (Trepel and Palmeri, 2002).        
Another possible pathway by which TAN is being removed from the wastewater 
by the MUS is through a process known as anammox in which NH4+ serves as an electron 
donor for denitrification of NO2- to nitrogen gas.  (Jetten et. al., 2001).  The free energy 
of the normal nitrification reaction and the reaction where TAN serves as the electron 
donor are equal.  Two anaerobic processes that occur in the reaction known as Anammox 
are: 1) NH4+ is oxidized to nitrogen gas and 2) NO2- is oxidized to NO3-.  The theory 
behind 1) is that NO2- is reduced to hydroxylamine, then coupled with NH4+ resulting in 
hydrazine and is then oxidized to nitrogen gas (Loosdrecht and Jetten, 1998).  The second 
reaction most likely takes place in order to compensate for the reduction of CO2 to 
biomass (Van de Graff et al., 1995).  A number of reports have been recently released 
discussing unaccounted nitrogen losses in anaerobic environments, indicating that 
anaerobic NH4+ oxidation may be more widespread that once thought (Schmidt et al., 
2002).  The organisms performing this process have a rather slow growth rate, but the 
conversion factor can be high (Loosdrecht and Jetten, 1998). 
2.2.3 Phosphorus 
Total phosphorus concentration in the influent ranged from 2.3 – 27.5 mg-P/l and 
averaged 14 ± 9 over the course of the study.  The average concentration in the effluent 
was 0.3 mg-P/l.  The ortho-phosphorus concentration in the influent ranged from 0-20.4 
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mg-P/l during the study, while the average value was 7.2 ± 6.6 mg-P/l (OP/TP = 50%), 
and the average ortho-phosphorus concentrations for the 1.5, 2.3, and 3.0 m monitoring 
wells were 0.7, 1.2, and 4.1 mg-P/l.   
Once the wastewater travels through the media to the set of monitoring wells 
nearest the point of injection (1.4 vector meter wells), the TP concentration was reduced 
to 5.0 mg-P/l, and after the wastewater travels 3.0 vector meters, the concentration was 
reduced below 1.0 mg-P/l with most of the reduction occurring in the first two vector 
meters (Figure  2.2.8). Phosphorus reduction was modeled as a first-order removal   
reaction (r2 = 0.9).  The removal 
rate constant obtained from the 
equation was 0.9 m-1. The 
average total phosphorus 
concentrations for the 1.5, 2.3, 
and 3.0 m monitoring wells were 
0.2, 0.9, and 2.1 mg-P/l, 
respectively.  Drizo et al. (1997) 
found extremely high removal 
(97%) in subsurface flow wetlands.  Additionally, Luederitz et al. (2001) observed 
phosphorus removal efficiencies ranging from 61 to 96% in vertical and horizontal flow 
wetlands.  The MUS’ total phosphorus removal of 99% was similar to that found by 
Drizo et al. (1997). 
 The major processes involved in the immobilization of phosphorus are adsorption 
of phosphorus by the substrate, chemical precipitation with metals, plant and algal 
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uptake, and the incorporation into organic matter (Kadlec and Knight, 1996). However, 
the principle mechanism by which phosphorus is reduced in wetland soils is through 
adsorption onto the soil particles. Drizo et al. (1997) have shown organically rich marsh  
soils, similar to the soil type at Grand Bay, to quickly remove phosphates from tidal 
waters.    Although sorption to immobile sediment surfaces is a key removal mechanism, 
it is a finite process, and many treatment wetlands have illustrated this trend through 
phosphorus removal rates that decline markedly over time as sorption sites become 
saturated (Drizo et al., 2002; Tanner et. al., 1999; Kadlec, 1997; Breen, 1990; Faulkner 
and Richardson, 1989; Richardson, 1985). However, this trend was not observed in the 
MUS due to the short study period.  The Fe, Al, and Ca content, specific surface area, 
porosity, particle size distribution, and hydraulic conductivity are important properties of 
the media that directly affect it’s rate and capacity of adsorption (Drizo et al., 2002).   
2.3 Implications for System Design and Operation 
 
 CBOD5, TKN, and TAN concentrations in the 1.5 m monitoring wells followed a 
Weibull probability density function, which is presented in Equation 2.3.  A linear 
regression of observed versus predicted values yielded  r2 for CBOD, TKN, and TAN of 
0.98, 0.99, and 0.99, respectively.  Using the function given in Equation 2.3 and the  
                              

−−= βγβχ χγexp1),,(F                 (2-3) 
where,          
         χ = respective shape 
         γ = shape  
         β =scale   
 
parameters presented in Table 2.3.1, the probabilities that CBOD5, TKN, and TAN would 
exceed their respective limits were predicted (Table 2.3.2).  Using the removal constants, 
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vector distance required to meet effluent guidelines, and predicted concentration at the 
surface, the current depth of injection was evaluated and determined whether it was 
sufficient to effectively treat the wastewater under high hydraulic loadings and cold 
temperatures conditions.  Theoretically, the injection depth with respect to TKN and 
TAN was deep enough to effectively treat the wastewater to the effluent limits (Table 
2.3.2). However, no distance was left for a safety factor. Over the study, the observed 
values at the 1.5 m monitoring wells were well below the limit of 10 mg-N/l.  In theory, 
the distance required to treat CBOD5 to the limit of 30 mg/l exceeded 
Table 2.3.1 – A summary of parameters for the Weibull distribution  
Parameter χ γ * β * 
CBOD5 30 mg/l 20.2 1.2 
TKN 10mg-N/l 10 0.7 
TAN 10 mg-N/l 2.4 0.9 
TP -- 0.9 0.2 
*Values derived from SAS 
 
Table 2.3.2 – A summary of factors affecting the design of the MUS 
Parameter Removal 
constants 
Vector Distance 
Required to Meet 
Effluent Guidelines 
Predicted surface 
concentration 
Probability that the 1.5 
m concentration will 
exceed the limit* 
CBOD5 0.4 m-1 4.1 m 34 mg/l 28% 
TKN 0.7 m-1 3.7 m 9 mg-N/l 3% 
TAN 0.6 m-1 3.6 m 4 mg-N/l 1% 
*Depth of shallowest monitoring wells 
the depth of injection (Table 2.3.2).  Therefore, the depth of injection should be increased 
to 5.1 m to include a safety factor.  This recommended increase in depth is based on 
theory that the wastewater travels straight up, however in practical circumstances this is 
not likely to occur due to the lateral dispersion caused by the decrease in salinity and the 
clay content at the 1.4-2.4 m depth. For example, the concentration of CBOD5 was below 
the effluent limit of 30 mg/l. 
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 The probability that the CBOD5 will exceed its effluent limit at the shallowest 
monitoring wells (1.5 m wells) was 28%, however over the next 1.5 m of travel to the 
surface the CBOD5 concentration should be reduced to below the limit of 30 mg/l.  TKN 
and TAN had a low probability of exceeding the self-imposed limit of 10 mg/l.  
Therefore, when reaching the surface the TKN and TAN concentration should be 
negligible.  Based on this information the MUS exhibited its ability to operate under the 
high hydraulic loading and cool temperatures.  Therefore, a flowrate of 2.8 l/m injecting 
for 30 min every 3 hrs was successful. 
 2.4 Conclusions 
The MUS has proven that it can effectively treat wastewater during periods of high 
loadings and cold temperatures.  The effluent concentration of CBOD5 was 18.8 mg/l, 
which is well below the limit of 30 mg/l, and the majority of the CBOD5 removal can be 
attributed to the microbial population in the media.  The effluent TKN and TAN 
concentrations were 3.0 and 1.3 mg-N/l respectively, with both of these values being 
below the self-imposed limit of 10 mg-N/l, and the removal mechanisms attributed with 
the removal of nitrogen from the wastewater are adsorption onto the soil particles, 
nitrification/denitrification, filtration, and anammox. The average TP concentration was 
reduced from 14.1 mg-P/l to 0.3 mg-P/l, while PO4- was reduced from 7.2 to 0.3 mg-P/l.  
The distance required to effectively treat the target parameters was 4.1-vector m, and the 
existing injection depth is 3.8 m, which is not sufficient if the wastewater would travel 
straight up; however this is a design issue that will be addressed in future work.  
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Chapter 3:  An Evaluation of Nitrogen Removal in the Marshland Upwelling 
System Implemented in Loamy-Sandy Soils 
 
3.0 Introduction 
 
Due to the numerous natural resources and opportunities that wetlands provide, 
the coastal population is expected to increase to 165 million people by 2010 (USEPA, 
2002a,b, NOAA 1998).   As the population increases, the number of coastal dwellings 
increases, resulting in increased coastal pollution due to improperly treated wastewater 
(NOAA, 1998).  Limited-use systems, mechanical plants, and septic systems are the 
traditional methods employed to treat domestic wastewater (USEPA, 2002c, Batelle, 
1999). 
Under ideal conditions, traditional treatment alternatives work well. However, due 
to the sporadic usage and placement of camps along the coast and the high initial cost, 
mechanical plants may not be a viable treatment option for the community to treat their 
wastewater.  Limited-use systems, which require maintenance and a constant supply of 
chlorine to the chlorine chamber, often are not properly maintained rendering them 
ineffective (Batelle, 1999).  Septic systems are a commonly used treatment option. 
However, problems arise with their use because camps are often built directly above 
water or in locations with a high water table.  The high water table forces untreated 
wastewater towards the ground surface, resulting in an ineffective adsorption field 
(USEPA, 2002c).  In addition, these traditional treatment alternatives do not focus on the 
removal of nutrients from domestic wastewater, an issue that is gaining more attention 
due to the detrimental impact nutrient-laden effluents on have on aquatic ecosystems. 
When elevated nutrient levels enter water bodies, a change in the biological, 
chemical and physical processes occur, which may provide avenues for opportunistic 
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organisms to affect water the water body and result in an oxygen shortage (USEPA, 
2002c; Kadlec and Knight, 1998).  This depletion of oxygen can cause fish kills that 
would be detrimental in coastal areas.  The nation’s shellfish and fishing industries are 
highly dependent on the commercial catch associated with estuary-coastal wetland 
systems.  For example, 1.2 billion pounds of commercial fish and shellfish, worth 
approximately $244 million in 1991, are harvested annually in Louisiana alone (USEPA, 
2002b).  However, a zone of hypoxia has developed in the Gulf of Mexico.  Due to the 
low dissolved oxygen levels of this zone, the commercial fish and shellfish industry is 
directly affected.  Covering an area of 6,000 to 7,000 square miles, the hypoxia zone 
extends along the Texas-Louisiana Shelf (NOAA, 1999).  This is double the area that the 
zone encompassed in 1993, illustrating the fact that water/wastewater entering the coastal 
waters must be treated to reduce the elevated levels of nutrients (NOAA, 1999).  
Natural and constructed wetlands have shown promise as wastewater treatment 
systems (Luederitz et al., 2001; Weber Jr. and LeBoeuf, 1999; Breen 1990).  The 
purifying capabilities of natural wetlands were realized in the 1960s and 1970s, while the 
first constructed wetland system in North America was built in 1973 (Kadlec and Knight, 
1998).  The metabolism of wetland organisms enables them to utilize the organic and 
inorganic pollutants commonly found in wastewater, and the sand/silt matrix of the 
wetlands enables them to adsorb and filter nutrients and bacteria, respectively (Hench et. 
al, 2003; Luederitz et. al, 2001; Lau and Chu, 2000; Gopal, 1999; Sakadevan and Bavor, 
1999; Lakatos et. al, 1997).  However, the traditional natural and constructed wetlands 
designs may not always be an effective/viable option for the treatment of domestic 
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wastewater in coastal areas due to the lack of upland boundaries, minimal land elevation 
and high water levels found in this area.   
The Marshland Upwelling System (MUS) was developed at Louisiana State 
University as an alternative to treat domestic wastewater treatment systems for coastal 
area dwellings (Richardson, 2002; Watson, Jr. and Rusch, 2001; Watson 2000; Stremlau, 
1994).   The MUS consists of a collection/distribution tank, an injection pump, timer, 
injection well, one monitoring well, and the subsurface soil matrix (Figure 3.0.1).  The 
collection/distribution tank (retention time < 1 day) is used to collect wastewater, which  
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 Figure 3.0.1 – A schematic of the MUS 
is then intermittently injected to a depth below ground surface (bgs).  The native soil 
characteristics, the influent wastewater characteristics, and the injection regime determine 
the depth of the injection well.  By injecting intermittently, pressure is allowed to 
dissipate during the resting period between cycles.  Advection during the active pumping 
phase is the initial force causing the movement of the wastewater.  Additionally, 
Buoyancy forces resulting from the density gradient of the native, saline groundwater and 
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the fresh wastewater forces the wastewater upwards.  As the wastewater travels toward 
the surface, the salinity gradient and buoyant forces decreases resulting in more lateral 
dispersion of the wastewater plume.  Using the physical and biochemical unit processes 
occurring in the natural sand/silt matrix, the MUS removes the bacteria, organic matter, 
and elevated levels of nutrients present in the wastewater.  
 Factors impacting the treatment efficiency of the MUS include the surrounding 
temperature and the hydraulic/solids/organic loadings of the system.  When wastewater is 
injected into subsurface flow wetlands, physical, chemical, and biological processes 
occur and directly impact the injection pressure, which is related to the performance of 
the system (Baveye, 1998).    Therefore, the hydrodynamics and wastewater distribution 
in the wetland play a key role in the removal of contaminants.  By optimizing the 
injection pattern (duration and frequency), the performance of the wetland will be 
increased.  The surrounding temperature of the system influences the removal rates of 
contaminants and is also indirectly related to system clogging (Baveye et. al, 1998).  An 
increase in temperature generally increases microbial activity and degradation of 
wastewater constituents, while a decrease in temperature reduces these rates.  The 
increase in microbial activity also results in biomass production, which may eventually 
lead to clogging (Taylor et. al, 1997). 
 Previous research has focused on the MUS’ treatment efficiency with respect to 
the removal of bacteria (Watson Jr. and Rusch, 2002; Watson Jr. and Rusch 2001; 
Watson, 2000).  These studies have shown that at flowrates of 1.9 and 3.8 L/min at an 
injection frequency of 30 min every 3 hr fecal coliforms and E. coli were successfully 
removed (Watson Jr. and Rusch, 2002; Watson Jr. and Rusch 2001; Watson, 2000).  
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Although previous studies conducted at these sites have shown the MUS’ capabilities to 
treat domestic wastewater, none have focused on nitrogen removal.  With a rising 
concern of nutrient loadings to water bodies, an understanding of the nutrient removal 
capabilities of the MUS must be gained.  The main objectives of this study were to: (1) 
evaluate the capabilities of the MUS to remove nitrogen from domestic wastewater (2) 
determine the hydraulic, nitrogen, organic, and solids loading rates for the MUS, (3) and 
outline the potential processes that are responsible for the reduction of nitrogen.  
3.1 Methodology 
3.1.1 Study Site 
 The study site is located within the Grand Bay National Estuarine Research 
Reserve (NERR), MS.  The saline marsh is inhabited by the wetland macrophyte Juncus 
roemerianus.  Grand Bay National Estuarine Research Reserve (NERR) is located in the 
southeastern corner of Mississippi, and is a part of the Mississippi Sound estuary.  The 
area, which is 75% publicly owned, is made up of a wide range of estuarine/non-estuarine 
wetland habitats and comprises a total of 18,400 acres (MSDEQ, 1998).  The current 
activities within the reserve include recreational fishing and hunting, with limited 
commercial harvest of fish and shellfish.  The watershed is home to approximately 50-60 
residents, mostly residing along Bayou Cumbest.   Bayou Cumbest is classified as a 
shellfish harvesting water body; therefore the water quality of this area is an important 
issue.  However, in 1996 the Bayou Cumbest was the most impaired water body in the 
state of Mississippi (MDEQ, 1996).  The commonly employed wastewater treatment 
option for these residents is septic systems.  Although septic systems have been proven to 
operate effectively under ideal conditions, a survey conducted by the Mississippi 
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Department of Health showed that a number of these systems were operating 
ineffectively (MSU, 2000).  
 The characterization of the soil properties in the MUS was conducted using a 
continuous intrusion cone penetrometer (CICP) and soil corings.  The fraction of sand, 
silt, and clay in the soil matrix were determined by conducting sieve (ASTM C117, 
C136) and hydrometer analyses (ASTM D422).  These analyses were performed on the 
soil corings, which were taken in 0.3 m increments for the entire depth of interest.  The 
organic carbon (ASTM D2974) was also measured for the surface of the soil and the 
injection depth (Bardet, 1997; ASTM, 1995). 
 Along the surface of the marsh, the soil was dark and possessed a high organic 
matter content, which was identical to the Scatlike series soil (clayey, mineral, semifluid 
soils).  Scatlike soils are often found along the Gulf of Mexico and are not well drained 
because of the topography of this land (USDA, 1984).  At a depth of 0.9 to 1.2 m the soil 
becomes a soil/clay mixture (Table 3.1.1).  The clay content increased at roughly 2.4  
Table 3.1.1 – Selected properties of field soil at various depths (Grand Bay NERR, MS) 
Property Units Depth Interval (m) 
  0 – 1.2* 1.2 – 2.4 2.4 – 3.0 3.0 – 3.8 
Sand  % 44 37 62 86 
Silt % 44 40 23 9 
Clay % 12 23 15 5 
Mean grain size diameter 
(d50) 
mm 0.10 0.04 0.10 0.16 
Uniformity coefficient 
(d60/d10) 
 -- a -- a -- a 1.08 
Fraction of organic content 
(foc) 
% 9.0 ± 0.5 N/A N/A 0.5 ± 0.1 
a Unable to calculate d10 values 
*Excludes plant matter 
N/A – Not analyzed 
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m, and was followed by an increasing percentage of sand as the depth approached that of 
the injection well.  Similar results were found from the measurement of the CICP.  The 
tip resistance of the penetrating apparatus surpassed its capabilities at a depth of 2-2.5 m, 
indicating the presence of compacted sand. 
3.1.2 Experimental System 
The experimental MUS system treats wastewater from a public restroom and two 
private camps (Figure 3.1.1). 
Wastewater (both 
black and graywater) is 
produced sporadically 
and greatly depends on 
the weather and time 
of the year.  The 
primary camp is 
generally occupied 
throughout the year, 
while Camp 2 is very seldom used. The public restroom generally sees most of its usage 
over the spring and summer months and tends to decline during the winter months 
(Figure 3.1.1).   
The wastewater from the public restroom and the primary camp is collected in a 
208-liter polyethylene collection tank  (Polytank, Inc.; Model #PT304) located directly 
behind the camp.  The 208-liter tank was buried approximately 0.3 meters below ground 
surface.  A 508 kg concrete collar was placed around the tank to prevent floatation due to 
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Figure 3.1.1 – Map of experimental site in Grand Bay, MS 
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the high water table.  While the 208-liter collection tank serves to remove some settable 
solids, the storage capacity and retention time is relatively small.  A submersible ½ 
horsepower (hp) pump (Grainger, Inc.; Model # 4 RK59) in this tank is used to pump the 
wastewater 121.9 meters though 5.1 cm diameter PVC pipe to a 1,325-liter 
collection/distribution tank (Polytank, Inc; Model #PT238) located behind Camp 2.  
From the 1,325-liter holding tank, a low flow (3.6 – 5.5 l/min), high pressure (276 kPa) 
cavity pump (1/8 hp) (Cole Parmer, Inc.; Model #U-74500-16) transports the wastewater 
through a 1.9 cm diameter PVC line to the marsh.  The wastewater is then injected to a 
depth of 3.8 m.  In order to control the frequency of injection, a float switch was placed 
in Tank 2, and ball valves were placed on the injection line and used to regulate the flow 
of the wastewater.  A water meter (Aquatic Ecosystems, Inc., Model # FM2) was placed 
on the injection line to monitor the volume of wastewater injected.  Twenty-one groups 
of monitoring wells at depths of 1.5, 2.3, and 3.0 m surround the injection well to allow 
the dimensional monitoring of the site (Figure 3.1.2).  A 19 mm (outside diameter) PVC 
pipe enclosed in a 51 mm (outside diameter) PVC pipe casing comprise the injection well 
(Figure 3.1.3).  The point of injection is the open end of the inner PVC pipe.  A pressure 
relief valve and a by-pass line was placed on the injection line to divert wastewater away 
from the site in case of system clogging.  A pressure transducer/data logger (Pace 
Scientific data logger Model XR440) continuously monitored and recorded pressure.  The 
monitoring wells are constructed similar to the injection well except that  a 0.3 m section 
of well screen containing 0.25 mm slits was placed at the lower end of the inner PVC 
pipe (Figure 3.1.3). 
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Figure 3.1.2 – The MUS consists of one injection well (?) and 38 monitoring wells at 
depths of 1.5 m (?), 2.3 m (?), and 3.0 m (?).  Each grid square is equal to 0.61 m X 
0.61 m. 
 
Figure 3.1.3 – Design specifications for the MUS injection and monitoring wells 
 
3.1.3 Experimental Design and Operation 
3.1.3.1 Field Site 
Operation of the MUS was initiated on June 3, 2001.  The native groundwater 
conditions at the start of the study are presented in Table 3.1.2. From June 3 to August 
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14, 2001, the system was considered to be in an acclimation period.  After system 
acclimation was achieved, a suite of studies was executed to investigate the impact of the 
Table 3.1.2 – A summary of the native groundwater conditions 
n = number of sampling events 
Note: BDL is below the detection limit 
 
flow regime (injection frequency, duration of injection, flowrates) on nitrogen removal.  
The injection regime governs the hydraulic/solids/organic loading rates of the system and 
is therefore a critical operational parameter for the MUS.  The following injection 
schemes were tested: 1.9, 2.8, and 5.5 L/min at an injection frequency of 30 minutes 
every three hours; and 2.8 L/min at an injection frequency of 15 minutes every hour.  By 
determining the optimum injection scheme the MUS will be able to achieve its maximum 
hydaulic loading rate while effectively removing nitrogen from wastewater without 
hydraulic difficulties. 
Once every two weeks, in-situ parameters (salinity, pH, temperature) were 
measured for the influent, bayou (background condition), and all monitoring wells.  
Dissolved oxygen was also measured for the influent.  Redox probes were constructed by 
welding copper and platinum wire together.  After welding, epoxy was placed over the 
junction. The wires were placed inside a glass rod. One end of the rod was melted around 
the platinum. Wax was melted and poured inside the rod.  Finally, heat shrink tubing was 
   Surface  Subsurface Water 
Property Units n Water n 1.5 m 2.3 m 3.0 m 
Salinity ppt 32 17.1 ± 7.3 15 31.7 ± 3.4 30.3 ± 3.7 30.9 ± 3.6 
pH  28 7.5 ± 0.4 14 6.5 ± 0.2 6.6 ± 0.1 6.8 ± 0.3 
Temperature oC 27 24.1 ± 6.8 14 21.8 ± 2.7 22.1 ± 2.6 22.9 ± 2.7 
TKN mg-N/l 24 0.1 ± 1.3 1 0.9  0.9 ± 0.2  0.6 ± 0.7  
TAN mg-N/l 26 0.09 ± 0.1 3 0.3 ± 0.1 0.6 ± 0.3 0.6 ± 0.1 
NO2 mg-N/l 24 0.004 
±0.01 
3 0.02 ± 
0.004 
0.01 ± 
0.003 
0.006 ± 
0.003 
NO3 mg-N/l 26 BDL 3 BDL BDL BDL 
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melted over the open end to prevent water from reaching the platinum (Patrick et al, 
1996). The probes were placed inside of 0.1 m PVC and situated between the casings and 
inner pipes of the monitoring wells within the plume and outside the plume to compare 
conditions and help determine the  potential mechanisms responsible for removal. Redox 
measurements were taken at various locations at corresponding depths of the monitoring 
wells.  These measurements were corrected to Eh (Patrick et al, 1996).  Potential system 
clogging (seen as a steady rise in injection pressure over a prolonged period) and/or 
hydraulic channelization (seen as a sudden drop in pressure during an injection cycle) 
was monitored via recording injection pressure.   
Samples were drawn from the bayou, influent and monitoring wells once every 
two weeks and analyzed for fecal coliforms, carbonaceous biochemical oxygen demand 
(CBOD5), total kjeldahl nitrogen (TKN), TAN, NO3--N, NO2--N, total phosphorus (TP), 
and ortho-phosphate (PO4).  The monitoring wells were selected based on the location of 
the wastewater plume.  Influent samples were also analyzed for total suspended solids 
(TSS) and volatile suspended solids (VSS).  Influent CBOD5, TKN, TAN, and TP were 
analyzed filtered and unfiltered to determine the impact of particulate matter on these 
parameters.  One-liter polyethylene bottles were used to collect samples analyzed for 
CBOD5 and nutrients.  Samples for fecal coliforms were collected in whirlpack bags.  
Immediately after collection, the samples were placed on ice and transported to the Civil 
and Environmental Engineering Water Quality Lab at Louisiana State University.  
Samples (except one-liter of influent) were filtered using GF-C filters and analyzed in 
accordance with Standard Methods (APHA, 1998). 
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3.1.3.2 Laboratory Study 
Due to concerns of surface contamination, the shallowest monitoring wells 
installed at the field site were at a depth of 1.5 m.  However, once the wastewater reaches 
the 1.5 m monitoring wells, it continues to travel to the surface where additional 
treatment likely occurs.  The rhizophere of wetland macrophytes, commonly associated 
with this depth, provide an excellent area for microorganisms to attach themselves and 
grow (Chappell and Goulder, 1994; Gumbricht, 1993).  Additionally, wetland 
macrophytes transfer oxygen through their root system to the rhizophere, therefore 
influencing nitrification (Chappell and Goulder, 1994; Gumbricht, 1993).  Laboratory 
studies were performed to gain a better understanding of the influence wetland 
macrophytes’ have on redox potential and the nitrogen processes.  Four 114 L 
polyethylene tanks (lengths of 63 cm and diameters of 50 cm) were used to conduct the 
study (Figure 3.1.4).  The base of each of the tanks contained 3 cm of coarse gravel and 2  
cm of 20-40 mesh sand to even distribution of the wastewater.  Soil was transported from 
the field site in Moss Point, MS and was placed in each of the four tanks.  The media 
volume (sand and field soil) for each tank was 125,600 cm3.  The media in each tank was 
saturated with 10 ppt artificial saltwater (Instant Ocean®).  Sample/redox ports were 
placed at depths of 7 (located within the root zone), 27, and 47 cm to allow data and 
sample collection from various treatment zones within the soil matrix.  A solenoid valve 
was placed on the 7 cm sampling port to simulate high and low tides.  Redox potential 
probes were constructed by the method described by Patrick et al. (1996).  Platinum was 
welded to copper wire, and epoxy was placed over the weld.  The wire was placed inside 
a glass rod with one end of the rod melted around the platinum.  To prevent water from 
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reaching the weld, wax was melted inside the glass rod and heat shrink tubing was placed 
over the open end of the rod (Patrick et al., 1996).  Two of the tanks were planted with 
Juncus roemerianus, and two were left unplanted (control). Using a variable-flow 
REDOX / 
SAMPLE 
DEPTH #2
REDOX / 
SAMPLE 
DEPTH #3
REDOX / 
SAMPLE 
DEPTH #1
CAPPED EFFLUENT 
SAMPLE 
COLLECTION - 
ALSO TO MEASURE 
VOLUME 
WITHDRAWN
SOLENOID VALVE -   
OPEN TO SIMULATE 
LOW TIDE AND 
PROMOTE O2
CINDER BLOCK CINDER BLOCK
WASTEWATER
SAND
COARSE GRAVEL
BULK HEAD
FLOW 
REGULATOR
SOIL SURFACE
PERISTALTIC 
PUMP
SAMPLNG
PORT
 
Figure 3.1.4 – A schematic of the planted columns used in the laboratory study 
peristaltic pump (Cole Parmer, Inc.; Model # U-07518-10), a synthetic wastwater was 
injected in the bottom of each of the tanks (Figure 3.1.4, Table 3.1.3).  The wastewater  
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Table 3.1.3 – Recipe for synthetic wastewater concentrate to achieve target 
concentrations. 
Constituent Measured Concentration 
Dextrose 
Glutamic Acid 38.6 mg/l BOD5 
Solution A  
         Na2*EDTA 
         FeCl3 * 6H2O 
         CuSO4 * 5H2O 
         ZnSO4 * 7H2O 
         CoCl2 * 6H2O 
         MnCl2 * 4H2O 
         Na2MoO4 * 2H2O 
0.3 mg/l 
0.2 mg/l (0.04 mg/l Fe) 
7 X 10-4mg/l (0.18 µg/l Cu) 
0.001 mg/l (0.35 µg/l Zn) 
7 X 10-4 mg/l (2.5 µg/l Co) 
0.01 mg/l (0.004 mg/l Mn) 
4 X 10-4 mg/l (0.18 µg/l Mo) 
Sodium phosphate 0.5 mg/l PO4-P 
Ammonium chloride 2.1 mg/l NH4-N 
 
was injected for 30 min every 3 hours at a flowrate of 3.0 ml/min. The influent of the 
field site had high concentrations of TAN, therefore ammonium chloride was used for the 
synthetic wastewater recipe. The influent concentration of total ammonia nitrogen (TAN) 
was based on the concentrations measured at the 1.5 m monitoring wells in the field.   
The system was acclimated for 1.5 months prior to the start of any experiments, 
and the study ran from March 13 to July 23, 2002.  Samples were drawn twice a week  
and analyzed for pH, temperature, and salinity.  Once a week, samples were analyzed for 
TAN, nitrite (NO2--N), and nitrate (NO3--N) in order to determine whether Juncus 
roemerianus was influencing nitrification.  Redox potential was also measured twice a 
week to observe the plants’ influence on the redox conditions of the underlying media. 
3.1.4 Data Analyses 
The data were statistically analyzed using Microsoft Excel 2000, Sigma Plot 5.0, 
SAS 6.12, and SPSS 11.0.  All statistical analyses were performed using α = 0.05.  
Averages and standard deviations of in-situ and the nitrogen parameters were calculated 
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for each sample depth of the columns.  These values were compared between the control 
and planted columns using t-test and ANOVA. 
For field results, mean and standard error values for in-situ parameters and the 
nitrogen parameters were calculated for each injection scheme. Mean concentrations for 
the each depth and vector distances were calculated. Hydraulic/solids/organic/nutrient 
loading rates were calculated for each study.  In order to evaluate the performance of the 
MUS with respect to TKN and TAN removal a self-imposed effluent limit of 10 mg-N/l 
was used (USEPA, 2002c).  Contour graphs were constructed to illustrate the movement 
of the nitrogen compared to salinity within the MUS.  The concentrations at each depth of 
monitoring wells were evaluated to determine the removal.  Additionally the average 
concentrations of TKN and TAN were calculated for each vector distance, and these 
concentrations were plotted against their corresponding vector distances using Sigma Plot 
5 to obtain removal rate constants.  Equations from the graphs were used to predict 
removal rate constants and surface concentrations.  Probability density functions were 
obtained and used to predict the probability that the surface concentration would exceed 
the limit. 
3.2 Results and Discussion 
3.2.1 Field Site 
3.2.1.1  Overall Removal 
The total volume of wastewater injected over the entire study period (6/21/01-
6/17/02) was 72,813 L (Table 3.2.1).  Using porosities of 0.37 and 0.20 for sand and clay 
respectively, this volume of injected wastewater yielded 423 and 105 pore volume 
exchanges for the inner and outer wells, respectively.  This estimate was based on the 
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plume volume being cylindrical, therefore the results are conservative.  The dissolved 
oxygen concentration in the influent was 1.2 ± 2.0 mg/l (n = 20).  The wastewater was 
high strength with respect to nutrients  
Table 3.2.1 – Injection flowrates and frequencies employed over the course of the study 
Study Period 
(mm/dd/yy) 
Elapsed 
Time 
(days) 
Injection 
Flowrate 
(L/min) 
Injection Frequency 
Volume 
of WW 
Injected 
(L) 
Theoretical 
Hydraulic 
Loading 
Rate (L/d)a 
06/21/01 – 09/17/01 88 1.9 30 min every 3 hrs 13,213 456 
09/17/01 – 11/05/01 49 5.5 30 min every 3 hrs 8,942 1,320 
11/05/01 – 4/01/02 147 2.8 30 min every 3 hrs 38,451 672 
04/1/02 – 06/17/02 78 2.8 15 min every hr 12,207 1,008 
a Assumes an adequate volume of wastewater is present in holding tank to trigger injection 
and fecal  coliforms and medium strength for CBOD5 and TSS.    The influent Total 
Kjeldahl Nitrogen (TKN) ranged from 271.5 - 11.5 mg-N/l (Table 3.2.2).  The total  
Table 3.2.2 – Influent Wastewater Parameters 
* APHA, 1998 
a Metcalf & Eddy, 2003 
bGeometric mean 
*Unfiltered 
BDL -  below the detection limit (<0.002 mg/l) 
ammonia nitrogen (TAN) concentration in the influent ranged from 252.0 – 8.3 mg-N/l 
(Table 3.2.2). Eighty-two percent of the nitrogen in the influent existed as ammonia. The 
mean concentration of NO2--N in the influent was 0.1 ± 0.03 mg-N/l and varied from 0.6 
Parameters 
Standard 
Method 
Procedure* Units n Results 
Typical 
Wastewater a 
Fecal coliform 9222 D colonies/ 
100mL 23 
55,269 ± 
2,218,016b 10
4 – 105 
CBOD5* 5210 B mg/L 21 274 ± 34.2 110 – 400 
TSS 2500 D mg/L 31 273 ± 62.4 100 – 350 
VSS 2540 E mg/L 28 147 ± 29.0 80 – 275 
TAN*  4500-NH3 D mg/L - N 21 112 ± 14.0 12 – 50 
TKN* 4500-Norg B mg/L - N 22 136 ± 15.0 8 – 35 
NO2--N 4500-NO2- B mg/L - N 26 0.1 ± 0.3 0 
NO3--N 4500-NO3- B mg/L - N 13 BDL 0 
TP* 4500-P E mg/L - P 19 16.7 ± 2.2 4 – 15 
PO4-P* 4500-P B mg/L - P 17 12.7 ± 1.7 1 – 5 
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– 0.0 mg-N/l.  Of the 13 influent samples analyzed for NO3--N, all of the concentrations 
were below the detection limit (<0.002 mg/l). 
The movement of the plume is illustrated by Figure 3.2.1.  It is evident from the  
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Figure 3.2.1 – A schematic showing the movement of TAN and salinity through the 
media at the a) 1.5, b) 2.3, and c) 3.0 m depths. Note: Coordinates are in ft. 
 
1.5, 2.3, and 3.0 m contour graphs that the increased clay content and reduced buoyancy 
forces at the 1.2 – 2.4 m depth caused additional lateral dispersion.  This may contribute 
(a) 
Pre-study Post-study 
(b) 
(c) 
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to the lower concentrations of TKN and TAN in the 1.5 m samples. However, out of the 
33-3.0 m samples of the outer wells analyzed, only 4 were above the 10 mg-N/l limit. 
3.2.1.1.1  Removal by Depth 
Over the course of the study, a total of 238 samples were analyzed for TKN.  Of 
these 238 samples, 82 (34%) yielded TKN concentrations above the 10 mg-N/l limit.  
However, only 4 of the 1.5 m samples (total of 68 samples) had a concentration above 10 
mg-N/l.  The average TKN concentration at the 1.5 m samples was 2.4 mg-N/l over the 
entire study.  The removal of TKN by the MUS was 98%. 
 The total number of samples analyzed for TAN throughout the entire study 
period was 286.  Only 88 (37%) of these samples exceeded the limit of 10 mg-N/l.  After 
evaluating the 1.5 m samples for TAN (total of 98 samples), only three were above the 
limit.  The average concentration of TAN in the 1.5 m samples was 1.5 mg/l.  A number 
of studies show good to excellent removal of TAN in vertical flow wetlands (Luederitz et 
al., 2001; Cooper et al., 1997; Von Felde and Kunst, 1997).  Cooper et al. (1997) found 
similar results when introducing a wastewater with a high TAN concentration into a 
vertical flow wetland, in which the TAN was reduced to an effluent value of 1.0 mg-N/l.  
Von Felde and Kunst (1997) achieved 90% removal efficiency in vertical flow wetlands 
when introducing a wastewater with 116 mg-N/l TAN.  The MUS’ removal rate for TAN 
was 98%. 
3.2.1.1.2  Removal with Vector Distance 
As the vector distance (the most direct path of travel from the point of injection to 
the lower end of the monitoring well) increased from the injection point in the MUS 
system, TKN was removed.  Von Felde and Kunst (1997) found that as the distance 
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increased the removal of nitrogen increased in vertical flow wetlands.  The highest 
concentrations in the MUS recorded throughout the study were recorded in the inner 
circle of 3.0 m monitoring wells (A-D 3.0 m; VD = 1.4 m).  The mean concentration of 
these monitoring wells over the course of the study was 58 ± 5 mg/l.  Elevated 
concentrations were also recorded in the middle circle of 3.0 m monitoring wells (I-K 3.0 
m; VD = 2.6 m), although the concentration was reduced to half of the recorded 
concentration in the inner 3.0 m monitoring wells.  The lower concentrations in the 1.5 
and 2.3 m monitoring wells along with the higher concentrations in the 3.0 m monitoring 
wells is evidence of  a portion of the wastewater was traveling laterally due to the 
increased clay content and reduced buoyancy forces at 1.2 – 2.4 m.  Even though the 
wastewater was traveling laterally, the treatment of the wastewater with respect to 
nitrogen is reflected by the reduction of TKN from the inner circle to the outer circle of 
3.0 m monitoring wells and the lower concentrations in the 1.5 and 2.3 wells. 
TAN was removed with an increase in vector distance.  The concentrations of 
TAN followed a similar trend as TKN.  The highest concentrations were those of the 
inner circle of 3.0 m monitoring wells (A-D 3.0 m; VD = 1.4 m; mean concentration = 61 
± 6 mg/l).  The ratio of the 1.4 vector m wells to the unfiltered influent (0.55) was similar 
to the ratio of filtered to unfiltered influent (0.83). Therefore, the major removal 
mechanism of TAN up to this point was straining.  The TAN concentration of the middle 
circle 3.0 m monitoring wells was the other location where high concentrations were 
recorded, reflecting the lateral movement.  However, the concentration was reduced to 
half of the concentration of the inner 3.0 m monitoring wells, therefore illustrating the 
removal of TAN from the wastewater. 
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A total of 194 samples were analyzed for NO2--N over the study period.  The 
average concentration for the 1.5 and 2.3 m samples were 0.01 and 0.02 mg-N/l, 
respectively.  There was no NO3--N detected (Detection limit = 0.002 mg/l) in any of the 
280 samples analyzed throughout the study.  
3.2.1.2 Removal as a Function of Flow Regime 
3.2.1.2.1 Removal by Depth 
Due to varying field conditions, the comparison of the MUS’ ability to remove 
nitrogen at different flow regimes is difficult.  The influent concentrations, temperatures, 
pHs, tidal patterns, injection pressures, and salinities varied during each study.  Focht 
(1974) and Wood et al. (1999) noted the difficulty in assessing nitrogen removal with a 
fluctuation in temperature and pH.  The in-situ parameters analyzed over the study 
periods are summarized in Table 3.2.3.  The differences between the salinity, pH, and 
temperature of studies are summarized in Table 3.2.4.  Salinity decreased with depth, 
while pH increased with depth, both of which reflect the location of the wastewater 
plume.  In the studies conducted during the warmer periods of the year (1.9 L/min, 5.5 
L/min, 2.8L/min (15min/hr)), the temperature decreased with depth.  The remaining 
studies were conducted during colder periods.  The trend in the temperature during these 
studies showed an increase as distance from the surface increased.  This also can be 
attributed to the colder temperatures above ground.    The background redox potential 
measurements were higher than those measured within the plume, reflecting the reducing  
nature of the wastewater (Table 3.2.5).  Both the background and plume measurements 
showed an increase in redox potential when approaching the surface.  This can be  
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Table 3.2.3 – Depth-dependent salinity, pH,  and temperature for specific flowrates 
Sampling 
Location 
1.9 L/min 
30 min/3hr 
2.8 L/min 
30 min/3hr 
5.5 L/min 
30 min/3hr 
2.8 L/min 
15 min/hr 
3.0 m Wells 11.9 ± 4.5 (9) 
13.2 ± 1.0 
(11) 
10.8 ± 2.0 
(3) 
12.7 ± 4.9 
(4) 
2.3 m Wells 21.2 ± 3.8 (9) 
24.8 ± 0.8 
(11) 
21.4 ± 3.6 
(3) 
21.2 ± 2.6 
(4) 
1.5 m Wells 21.9 ± 3.3 (9) 
27.2 ± 0.5 
(11) 
24.3 ± 5.9 
(3) 
23.5 ± 3.5 
(4) 
Surface Water 10.9 ± 1.5 (9) 
22.0 ± 7.2 
(15) 
24.1 ± 2.1 
(2) 
14.0 ± 3.8 
(4) 
 
 
Sampling 
Location 
1.9 L/min 
30 min/3hr 
2.8 L/min 
30 min/3hr 
5.5 L/min 
30 min/3hr 
2.8 L/min 
15 min/hr 
3.0 m Wells 6.7 ± 0.3 (6) 
6.8 ± 0.1 
(11) 
7.0 ± -- 
 (2) 
6.8 ± 0.1  
(4) 
2.3 m Wells 6.4 ± 0.1 (6) 
6.7 ± 0.1 
(11) 
6.7 ± -- 
(2) 
6.8 ± 0.1 
(4) 
1.5 m Wells 6.3 ± 0.2 (6) 
6.5 ± 0.04 
(11) 
6.4 ± --  
(2) 
6.5 ± 0.1 
(4) 
Surface Water 7.1 ± 0.2 (6) 
7.6 ± 0.4 
(15) 
7.6 ± 0.01 
(2) 
7.4 ± 0.04 
(4) 
Influent 7.6 ± 0.1 (4) 
8.0 ± 0.6 
(14) 
8.1 ± 0.04 
(2) 
7.3 ± 0.2 
(4) 
 
 
Sampling 
Location 
1.9 L/min 
30 min/3hr 
2.8 L/min 
30 min/3hr 
5.5 L/min 
30 min/3hr 
2.8 L/min 
15 min/hr 
3.0 m Wells 24.1 ± 0.8 (6) 
19.9 ± 1.0 
(11) 
23.3 ± 1.1 
(2) 
20.4 ± 1.2 
(4) 
2.3 m Wells 24.9 ± 0.9 (6) 
18.9 ± 1.0 
(11) 
23.4 ± 1.7 
(2) 
20.8 ± 1.4 
(4) 
1.5 m Wells 25.1 ± 0.8 (6) 
18.6 ± 0.8 
(11) 
23.5 ± 1.2 
(2) 
20.6 ± 1.6 
(4) 
Surface Water 30.6 ± 1.4 (6) 
17.7 ± 6.0 
(15) 
25.2 ± 1.1 
(2) 
24.8 ± 1.0 
(4) 
Influent 27.1 ± 0.3 (3) 
18.4 ± 5.9 
(14) 
19 ± 2.3 
(2) 
24.3 ± 1.5 
(4) 
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Table 3.2.4 – A comparison of the temperature, pH, and salinity between the studies.  
Values with different letters are significantly different at α = 0.05. 
Flowrate and frequency Temperature (°C) pH Salinity (ppt) 
1.9 L/min (30 min/3hr) 24.7 ± 0.9  a 6.5 ± 0.2  a 18.2 ± 3.7  a 
5.5 L/min (30 min/3hr) 23.4 ± 1.3  ab 6.7 ± 0.1  ab 18.7 ± 3.4  a 
2.8 L/min (30 min/3hr) 20.5 ± 2.5  b 6.6 ± 0.1  b 23.2 ± 1.3   
2.8 L/min (15 min/hr) 21.5 ± 1.8  ab 6.6 ± 0.1  ab 20.6 ± 3.7  a 
 
Table 3.2.5 – Depth-dependent redox potential measurements within and outside the 
plume 
Depth Redox Potential Within Plume 
(mV) 
 Background Redox Potential 
(mV) 
3.0 m -144 ± 9.3 (13) -30 ± 4.3 (13) 
2.3 m -75 ± 12 (13) 1.0 ±  15 (13) 
1.5 m -60 ± 20 (12) 46 ± 5.0 (13)  
 
attributed to the soil becoming more oxidized at the shallower depths although it is still 
reduced. 
When evaluating the performance of the MUS, the effluent concentration was 
considered to be the concentration at the 1.5 m monitoring wells.  However, additional 
treatment occured as the wastewater continued to move towards the surface.  Although 
the effluent TKN and TAN concentrations during the studies were above the surface 
water concentrations, this additional treatment will reduce these values near or below the 
surface water concentration (Table 3.2.6).  
Over the duration of the study at least a two-fold decrease in TKN and TAN 
concentrations from the 3.0 m monitoring wells to the 2.3 m monitoring wells were 
observed for each injection scheme tested.  Further reduction of TKN and TAN was 
observed as the wastewater traveled to the 1.5 m monitoring wells. For each injection 
pattern evaluated, the concentration at 1.5 m was well below the self imposed effluent 
limit of 10 mg-N/l. 
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Table 3.2.6 – Depth-dependent TKN and TAN concentrations for specific flowrates 
Note: Samples sizes >3 have no standard deviation  
 
a Standard error was not available 
     Note:  Sample size is noted in parenthesis  
The 1.9 L/min study was the first study conducted.  The total wastewater injected 
during this period of 88 days was 13,213 L.  The influent concentration of TKN and TAN 
was lowest during this study.  However, the 1.5 m monitoring well TKN concentration 
was higher than the 2.8 L/min studies (30 min/3hr and 15 min/hr).  The TAN 
concentration at the 1.5 m monitoring well was higher than the 2.8 L/min (30 min/3hr).  
The low removal of both TKN and TAN during this study resulted from the system not 
 Mean TKN Concentration (mg-N/l) 
Sampling 
Location 
1.9 L/min 
30 min/3 hr 
2.8 L/min 
30 min/3hr 
5.5 L/min 
30 min/3hr 
2.8 L/min 
15 min/hr 
Influent 45 ± 3.7  
(5) 
169 ± 22 
(10) 
87 ± 21  
(3) 
192 ± 28 
(6) 
3.0 m Wells  22 ± 33 
(5) 
33 ± 6.7  
(11) 
26  
(2) 
37 ± 19 
(4) 
2.3 m Wells  4.8 ± 7.2  
(5) 
12 ± 1.6 
(11) 
5.8  
(2) 
16 ± 18 
(4) 
1.5 m Wells  2.4 ± 1.8  
(5) 
2.3 ± 0.8 
(10) 
6.6  
(1) 
1.8 ± 1.0 
(4) 
Surface Water  0.6 ± 0.3 
(4) 
0.3 ± 0.03 
(9) 
0.2b  
(1) 
0.6 ± 0.2 
(4) 
 Mean TAN Concentration (mg-N/l) 
Sampling 
Location 
1.9 L/min 
30 min/3 hr 
2.8 L/min 
30 min/3hr 
5.5 L/min 
30 min/3hr 
2.8 L/min 
15 min/hr 
Influent 34 ± 1.9  
(3) 
139 ± 19  
(10) 
81 ± 14  
(3) 
155 ± 28 
(5) 
3.0 m Wells  23 ± 25  
(3) 
28 ± 6.4  
(11) 
32  
(2) 
32 ± 12  
(5) 
2.3 m Wells  6.0 ± 8.3  
(3) 
8.7 ± 1.4 
 (11) 
4.2 ± 1.8 
(2) 
10 ± 7.7 
(5) 
1.5 m Wells  2.2 ± 1.9  
(3) 
1.2 ± 0.3  
(11) 
3.3  
(1) 
2.3 ± 1.8 
(5) 
Surface 
Water  
0.2  
(2) 
0.04 ± 0.01 
(11) 
0.08b  
(1) 
0.1 ± 0.1 
(5) 
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being fully acclimated.  The period of acclimation extended through the entire 1.9 L/min 
study. 
In an effort to establish an upper flowrate limit the 5.5 L/min study was 
conducted.  Over the 49 days which the study was performed, 8,942 L of wastewater was 
injected. Due to the elevated flowrate, this study yielded the highest TKN and TAN 
concentrations in the 1.5 m monitoring wells of all studies although the influent 
concentrations were lower than some other treatments.  Additionally, the 5.5 L/min 
flowrate caused hydraulic channelization. 
The total wastewater injected during the 147 days of the 2.8 L/min (30 min/3hr) 
study was 38,451 L.  The influent TKN concentration during this study was the second 
highest observed.  The 2.8 L/min (30 min/3hr) study had the highest influent TAN 
concentration.  However, the concentrations of TKN and TAN at the 1.5 m monitoring 
wells were lowest during this study. Based on the injection scheme and nitrogen removal, 
the 2.8 L/min study was the most effective. 
The total volume of wastewater injected during the 2.8 L/min (15 min/hr) study 
was 12,207 L.  The study was conducted for 78 days.  The highest influent concentration 
of TKN occurred during this study, while the influent TAN concentration was the second 
highest observed.  The TKN and TAN concentrations in the 1.5 m monitoring wells were 
1.8 and 2.3 mg-N/l, respectively.  The lower TKN concentration can be attributed to the 
samples selected to be analyzed for TKN.  Nitrogen was effectively removed from the 
wastewater during this period. However, hydraulic clogging occurred towards the end of 
the study. 
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3.2.1.2.2 Removal by Vector Distance 
Although it was realized that adsorption does not follow first order kinetics, the vector 
distance removal of nitrogen was modeled as first-order relationships.  This issue will be 
addressed in future research and is one reason for lower r2.  The average concentrations 
for TKN and TAN for each vector distance were plotted against the corresponding vector 
distances to obtain removal rate constants (Figures 3.2.2 and 3.2.3).  Each data point 
represents the mean concentration of TKN/TAN at the specific vector distance.  Using 
the equation provided by the graph (Figures 3.2.2 and 3.2.3), the distance of travel 
required to reduce the concentrations below the limit of 10 mg-N/l and the predicted 
surface concentrations can be predicted.  Table 3.2.7 contains summaries of the removal 
constants, predicted travel distance required, and the predicted surface concentration. 
Delaune et al. (1997) found a removal rate of  0.027 g N m-2d-1  for NH4+ in a Louisiana 
swamp.  Cooper (1990) reported removal rates of 1.3 g N m-2d-1.  For each different 
injection scheme evaluated, the predicted surface concentration was below the limit of 10 
mg/l.  When evaluating the treatment efficiencies of the studies, the removal rates were 
all similar with respect to TKN removal (Table 3.2.7).  However, TAN removal rates 
were much higher for the 2.8 L/min (30 min every 3 hr and 15 min every hr) studies than 
for the synthetic wastewater study and the 1.9 L/min studies.  Based on the removal rates, 
the 2.8 l/min (30 min every 3 hr) injection scheme provided the best treatment scenario.  
The calculation of these removal rates were based on the assumption that the wastewater 
travels in a direct path.  However, since the wastewater does not travel in a direct path at 
all times, removal rates were also calculated assuming that the wastewater travels the 
complete lateral distance to the monitoring well and then the vertical distance to the 
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Figure 3.2.2 – TKN removal with respect to vector distance from the injection well at 
flowrates of a) 1.9 L/min (30min/3hr), b) 2.8 L/min (30min/3hr), and c) 2.8 L/min (15 
min/hr)  
a.) 1.9 L/min (30min/3hr) 
y = 46.7e-.800x 
r2 = 0.81 
y = 119.3e-.699x 
r2 = 0.83 
c.) 2.8 L/min (15min/hr) 
y = 165e-.888x 
r2 = 0.81 
b.) 2.8 L/min (30min/3hr) 
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Figure 3.2.3 – TAN removal with respect to vector distance from the injection well at 
flowrates of a) 1.9 L/min (30min/3hr), b) 2.8 L/min (30min/3hr), and c) 2.8 L/min 
(15min/hr). 
 
y = 38.9e-.485x 
r2 = 0.46 
a.) 1.9 L/min (30 min/3hr) 
y = 121.6e-.790x 
r2 = 0.84 
c.) 2.8 L/min (15min/hr) 
y = 132e-.817x 
r2 = 0.88 
b.) 2.8 L/min (30 min/3hr) 
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lower tip of the monitoring well.  Practically the wastewater will not follow this exact 
path.  Although this assumption did lower the removal rates, it did not vary enough from 
the removal rate based on the vector distance to change the design modifications. 
 Both TKN and TAN concentrations in the 1.5 m monitoring wells were found to 
follow the Weibull probability density function.  Equation 3.1 gives the function. 
                                                

−−= βγβχ χ γexp1),,(F                                                        (3-1) 
where: 
         χ = respective limit 
         γ = shape  
           β =scale   
A linear regression was performed on the observed verses predicted values was 
performed for each different flow regime.  Table 3.2.7 gives the probabilities and r2 
associated with each flow regime.  Table 3.2.8 gives a summary of the parameters used 
for Equation 3-1. 
Table 3.2.7 – Predicted TKN and  TAN removal as a function of distance from injection 
point 
 Injection 
Flowrate 
(L/min) 
First Order 
Rate 
Constant 
(m-1) 
Predicted Surface 
Concentration  
(mg-N/l) 
Predicted 
Travel Distance 
(m)c 
Probability the 
TKN 
concentration will 
exceed 10 mg-N/l 
  1.9 0.80 2.2 1.9 0% (0.99) 
  2.8 a 0.70 8.3 3.5 3% (0.98) 
  2.8 b 0.82 5.9 3.2 5% (0.95) 
 
Injection 
Flowrate 
(L/min) 
First Order 
Rate 
Constant 
(m-1) 
Predicted Surface 
Concentration  
(mg-N/l) 
Predicted 
Travel Distance 
(m)c 
Probability the 
TAN 
concentration will 
exceed 10 mg-N/l 
  1.9 0.49 6.1 2.6 0% (0.99) 
  2.8 a 0.80 5.9 3.2 0% (0.99) 
  2.8 b 0.82 5.9 3.2 5% (0.95) 
a Injection frequency of 30 minutes every 3 hours 
b Injection frequency of 15 minutes every hour 
c Required to meet effluent limit of 10 mg/l 
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Table 3.2.8 – A summary of parameters used for each specific flow regime for the 
Weibull distribution 
*Values derived from SAS 
Note: χ = 10 mg-N/l 
3.2.1.3 System Loading Rates 
A number of injection schemes were evaluated to determine the maximum 
loading the MUS could receive without system failure.  Table 3.2.9 contains a summary 
of the hydraulic, TKN, TAN, TSS, and VSS loading rates for each of the studies 
analyzed.  The loading rates, in terms of mass per day, were calculated by multiplying the 
influent concentration and the flow rate.  The mean hydraulic loadings varied from 102 to 
780 l/d.  The organic loading, which was influenced by the hydraulic loading rate, varied 
from 32 to 780 l/d. 
Table 3.2.9 – Daily hydraulic, TKN, TAN, and solids loading rates for MUS  
b Injection frequency of 15 min every hr 
Parameter Flow Regime γ * β * 
1.9 L/min (30 min every 3 hrs) 2.4 1.3 
5.5 L/min (30 min every 3 hrs) 7.5 1.9 
2.8 L/min (30 min every 3 hrs) 2.5 0.9 
TKN 
2.8 L/min (15 min every hr) 2.7 1.1 
1.9 L/min (30 min every 3 hrs) 3.5 1.3 
5.5 L/min (30 min every 3 hrs) 1.4 1.1 
2.8 L/min (30 min every 3 hrs) 1.9 1.1 
TAN 
2.8 L/min (15 min every hr) 2.5 0.8 
         Solids Loading Rate 
Injection 
Flowrate 
(L/min) 
Hydraulic 
Loading 
Rate 
(L/d) 
Organic 
Loading 
Rate 
(g/d) 
TKN 
Loading 
Rate 
(g/d) 
TAN 
Loading 
Rate 
(g/d) 
TSS 
(g/d) 
VSS 
(g/d) 
1.9 196 35 9 7 19 13 
2.8 260 92 39 33 53 41 
2.8  b 102 32 20 16 18 15 
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The first injection scheme evaluated included a flow rate of 1.9 l/min (30 min 
every 3 hr).  The injection pressure for this study ranged from 5.3 to 36 kPa with a mean 
injection pressure of 24 kPa.  Figure 3.2.4 illustrates the normal injection pressure pattern 
 of the MUS. Chronic clogging was not an issue since there was no rise in pressure over 
time.  The sudden rise in injection pressure reflects the point at which the injection cycle 
begins, while the gradual rise (< 1kPa) during the injection cycle shows the accumulation 
of pressure during injection.  The drop in pressure occurs when the injection period ends.  
Next, a flow rate of 2.8 l/min (30 min every 3 hr) was tested.  The 
Figure 3.2.4 – A typical injection pressure profile shows rise in pressure (<2.0 kPa) 
followed by a gradual increase in pressure over the given injection period (30 
minutes) due to pressure accumulation.  Cessation of the injection cycle results in 
rapid pressure dissipation. 
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TKN and TAN concentrations in the monitoring wells were higher for the 2.8 l/min (30  
min every 3 hr) with respect to the 1.9 l/min (30 min every 3 hr), resulting from the 
higher flowrate and influent concentrations during the study.  Injection pressures during 
the 2.8 l/min (30 min every 3 hr) ranged from 44 to 145 kPa (mean of 89 kPa).  The 
pressures during the 2.8 l/min (30 min every 3 hr) study were higher than the 1.9 l/min 
(30 min every 3 hr), reflecting a decrease in retention capacity. Blazejewski and 
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Blazejewska (1997) found that initial clogging gradually declined the hydraulic 
conductiving of the soils, resulting in a gradual increase in injection pressure.  This 
resulted from a combination of the increased biomass and solids accumulating around the 
injection point with time and an increase in the flowrate.    According to Siegrist and 
Boyle (1987), clogging was directly related to the mass loading of the system.    
Changing the injection frequency from 30 min every 3 hr to 15 min every hr with a flow 
rate of 2.8 l/min, did not affect the removal of TKN or TAN. However, the injection 
pressure during the 15 min every hour injection frequency ranged from 60 to 125 kPa 
(mean of 93 kPa), which was higher than the 2.8 l/min (30 min every 3 hr).  This pressure 
increase reflected the accumulation of solids and biomass around the point of injection 
and eventually leads to clogging.  Similarly, when injecting wastewater, Okubo and 
Matsumoto (1983) found that under anaerobic conditions, the infiltration rate decreased 
markedly over time and eventually led to clogging.  This clogging was found attributed to 
both biological clogging and the accumulation of solids in pore space (Okubo and 
Matsumoto, 1983). 
In an effort to establish an upper limit for the hydraulic loading of the system a 
flowrate of 5.5 l/min was evaluated.  The pressure during this study ranged from 77 to 
151 kPa, with a mean of 114 kPa.  The rise in injection pressure was expected due to the 
elevated flow rate.  However, approximately one month after this injection flowrate and 
frequency was employed, hydraulic channelization was noticed.  Due to the pressure 
build-up in the subsurface, a hydraulic conduit was formed, which created a direct path 
for the wastewater to reach the surface. 
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A number of mechanisms are responsible for the removal of nitrogen in the MUS.  
From the point of injection to 2.4 m, the primary mechanism of removal is physical 
filtration.  Additionally, ion exchange (adsorption) is a process responsible for the 
removal of NH4+ from the wastewater in the MUS.  At a depth of 1.2 – 2.4 m, the soil of 
the MUS contained a higher clay content, which readily absorbs NH4+ under certain 
conditions.  The size of the clay particles, the constituent loading rate, and the amount of 
times the ion exchange sites have absorbed/released ions all play a vital role in the 
adsorption of ions (Demir et al., 2002).  All of these conditions were met in the lower 
sand/silt matrix of the MUS.  Although adsorption is a likely removal mechanism, it is a 
finite process, which in time will release the NH4+ to the surrounding ground or surface 
waters (Demir et. al., 2002; Evangelou, 1998). 
A small portion of nitrogen is being removed through immobilization.  
Microorganisms convert inorganic nitrogen to organic nitrogen to serve as building 
blocks for cells and tissues.  Although NH4+ and NO3- may be used in this process, NH4+ 
is the preferred source (Kadlec and Knight, 1996). 
Although nitrification is unlikely to occur in the deeper soils of the MUS (Eh =    
-144, -75, -60 for 3.0, 2.3, and 1.5 m depths, respectively), it still may be responsible for 
some of the TAN removal.  Dissolved oxygen and the availability of TAN directly 
influence nitrification.  Although at the deeper depths of the sand/silt matrix the lack of 
oxygen inhibits nitrification, conditions become more favorable for nitrification to occur 
once the wastewater travels more upward.  The root systems of wetland macrophytes 
extend downward into the soil, therefore providing oxygen to the subsoil and an excellent 
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substrate for microorganisms to attach (Brix, 1997).  The results from the pilot studies 
discussed previously support this theory.   
Hanaki et al., (1990) found that at DO levels of 0.5 mg/l the growth rate of NH4+ 
oxidizers become elevated whereas the NO2- oxidizers are unaffected.  Although the low 
DO levels, which are similar to those of the MUS, inhibit the oxidation rate per unit 
biomass of NH4+ oxidizers, the increased growth rate compensates for it (Hanaki et al, 
1990).  Yoo et al. (1999) described a process of simultaneous nitrification-denitrification 
(SND), in which either NO2- or NO3- may serve as the terminal electron acceptor.  The 
requirements for effective SND by NO2- are nitrification and denitrification occur in the 
same reactor, a low dissolved oxygen level, the contact time between the influent and the 
media is high, the reactor temperature is approximately 25°C, and the pH is elevated 
(Yoo et. al., 1999).  Due to the MUS’ characteristics, most of these conditions are met; 
therefore this is a possible explanation for the removal of nitrogen and the lack of NO3- 
observed throughout the study. 
Denitrification reactions are limited by the availability of carbon and the 
concentration of NO3-; however, elevated concentrations of carbon and the lack of NO3- 
present in the subsurface of the MUS make conditions favorable for the immediate 
conversion of NO3- to N2 gas (Trepel and Palmeri, 2002).  These conditions present 
another explanation of the lack of detection of NO3- during the study.  The pH of MUS 
over the course of the studies fell within the optimum range of 6-8 for denitrification 
(Janson et. al., 1994). 
Anammox is another possible mechanism that may reduce the nitrogen 
concentrations in the MUS.  In this process, the electron donor for the denitrification of 
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NO2- to N2 is NH4+ .  The oxidation of both NH4+ and NO2- to N2 and NO3-, respectively, 
are the two reactions that occur in anammox (Loosdrecht and Jetten, 1998).  Although the 
growth rate of the organisms involved in anammox is slow, the conversion factor is 
relatively high (Loosdrecht and Jetten, 1998).  Anammox is gaining more attention 
recently due to unaccounted nitrogen losses in the environment (Schmidt et al, 2002).   
3.2.2 Laboratory Study 
The laboratory study was conducted from February 6, 2002 to July 23, 2002.  
Table 3.2.10 contains a summary of the influent parameters over the course of the study.   
The TAN concentration of 3.1 ± 0.4 mg-N/l was slightly higher than the target 
concentration, but did not affect the results of the study. 
Table 3.2.10 – A summary of the influent parameters for the laboratory study 
Parameters Units Target Concentration Observed Concentrations 
Salinity ppt -- 8.4 ± 0.5 (33) 
pH mg/l -- 7.8 ± 0.6 (35) 
Dissolved oxygen mg/l -- 1.3 ± 0.3 (40) 
Temperature °C -- 25.5 ± 0.3 (41) 
TAN mg-N/l 2.1 3.1 ± 0.4 (12) 
Note: Sample size is noted in parenthesis 
 A summary of the in-situ parameters at various sampling depths of the column is 
presented in Table 3.2.11.  The mean salinity of the planted and unplanted columns was  
Table 3.2.11 – A summary of the in-situ parameters in the control and planted columns 
Column Depth 
 
Salinity 
 (ppt) 
Eh 
(mV) 
pH Temperature 
(°C) 
Control Surface 20.4 ± 1.6  (19) 1.7 ± 15.7 (51) 8.0 ± 0.1 (15) 23.5 ± 0.7 (18) 
 7 cm 16.8 ± 0.5 (73) -32 ± 17 (25) 7.5 ± 0.04 (65) 24.4 ± 0.2 (73) 
 27 cm 12.1 ± 0.4 (78) -62 ± 6.8 (25) 7.2 ± 0.03 (69) 24.6 ± 0.2 (79) 
 47 cm 10.4 ± 0.4 (81) -49 ± 7.8 (24) 7.3 ± 0.03 (71) 24.7 ± 0.2 (83) 
Planted Surface 20.8 ± 3.8 (6) 102 ± 17.2 (48) 8.1 ± 0.3 (3) 20.7 ± 0.1 (2) 
 7 cm 17.5 ± 0.6 (75) 161 ± 22.4 (25) 7.5 ± 0.05 (65) 24.8 ± 0.2 (77) 
 27 cm 12.4 ± 0.6 (82) 4.7 ± 24 (25) 7.3 ± 0.03 (73) 24.8 ± 0.2 (84) 
 47 cm 10.4 ± 0.4 (84) -9.0 ± 21 (25) 7.3 ± 0.02 (74) 24.8 ± 0.2 (86) 
Note:  Sample size is noted in parenthesis 
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 not significantly different (P=0.705). Both columns showed a trend of decreasing salinity 
with an increase in depth.  The redox potential in the planted column was significantly 
greater (P = 0.0001) than the unplanted column at the 7 cm depth, reflecting the impact 
that Juncus roemerianus has on the oxygen concentration in the upper soil matrix.  The 
greatest redox potential values occurred at the 7 cm sample port of the planted column, 
which is in the area of the plant rhizophere (Figure 3.2.5).  Similarly, Brix (1997) found 
that wetland macrophytes greatly influence the redox condition of the upper soil.  He 
estimated an oxygen release rate ranging from 0.5-5.2 g/m2·day-1.  The pH of the planted 
and control columns decreased with an increase in depth.  No significant difference 
between the pHs of the planted and unplanted columns was detected (P = 0.869).  The 
temperature of the planted and unplanted columns was statistically the same (P = 0.090).  
The temperature of both types of columns remained fairly constant throughout the entire 
depth.   
 The higher TAN concentrations in the 
planted columns can be attributed to decaying 
plant material present in the columns (Figure 
3.2.6).  Matheson et al. (2002) also found a 
build up of TAN in the lower levels of 
columns due to minerilization (Matheson et 
al., 2002).  Using mass balances, removal 
rates were calculated for both the control and 
planted columns.  The overall removal rates in 
the columns were 0.002 and 0.003 day-1, 
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respectively.  However, in the upper 7 cm of the planted column, the removal rate was 
0.1 day-1.  For the control column, the removal rate was 0.06 day-1.  Therefore, the plants  
 
Figure 3.2.6 –TAN and NO2-N in the planted vs. control columns.  Each data point 
represents the mean concentration of the depth 
 
had an important impact on the removal of nitrogen in the upper zones of the columns.  
TAN was reduced by 49% in the 0-7 cm zone of the planted columns.  The control 
columns exhibited a 29% reduction in this zone.  This supports the Brix’s (1997) 
conclusion that wetland macropytes greatly influence nitrogen processes in the soil.  
However, the control columns reduced TAN by 34% in 7 cm- 27 cm zone, while the 
planted columns showed a 27% reduction.  The NO2--N concentration showed a drastic 
increase at the 7 cm depth in the planted columns, therefore indicating that nitrification 
was occurring (Figure 3.2.6).  The average NO2--N concentration of 0.5 mg-N/l in the 
planted columns was significantly greater (α = 0.05; p = 0.0001) than the control’s NO2- 
concentration of 0.01 mg-N/l.  When moving from a depth of 27 cm to 7 cm the 
concentration of NO2- increased by 98% and 4% in the planted and unplanted columns, 
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respectively.  Therefore, indicating the impact of Juncus roemerianus on the nitrogen 
processes.  Sorensen (1978) also found an increase in the nitrogen processes occurring in 
the root zones of wetland macrophytes.  The NO3--N was below the detection limit 
(detection limit = 0.002 mg/l) for both columns throughout the study.  Based on the 
stochiometric equation for nitrification, 0.01 and 0.02 mg-O2/l were used for the 
unplanted and planted columns, respectively. 
A large portion of the removal of NH4+-N can be attributed to ion exchange in the 
control column.  However, the principal mechanism involved in the TAN removal in the 
planted columns is most likely nitrification since the NO2-N concentration experienced a 
significant increase near the rhizosphere.  Nitrification is the process in which 
microorganisms oxidize TAN to NO2--N and NO3--N (Kadlec and Knight, 1996). This 
process is performed under aerobic conditions; therefore the transfer of oxygen from the 
macrophyte rhizosphere influences this process. Zones, which are regularly anoxic, 
become oxidized through this transfer of oxygen, and in turn the growth of nitrifying 
bacteria and aerobic decomposition of organic matter are increased.  Both the control and 
planted columns had surface pHs above 8, therefore some of the TAN removal can 
probably be attributed to volatilization (McIntyre and Riha, 1991). Additionally, some of 
the nitrogen removal in the planted columns can be related to plant uptake (Brix, 1997). 
3.3 Implications for System Design and Operation 
 
 The series of field studies conducted helped determine design and operational 
criteria.  The studies are evaluated over the short term.  However, the results will be used 
for the long term modification of the system.  After analyzing nitrogen removal and 
hydraulic performance for each injection scheme, the 2.8 L/min (30 min/3hr) was the 
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most effective.  The TKN and TAN concentrations at the 1.5 m monitoring wells during 
this injection scheme were well below the limit of 10 mg-N/l.  In theory, the predicted 
surface concentration for both TKN and TAN were 8.3 and 5.9, respectively (Table  
3.3.1). However, the concentrations at the 1.5 m monitoring wells were much less.  The 
Table 3.3.1 – A summary of factors for the 2.8 L/min (30 min/3hr) study affecting the 
design of the MUS. 
Parameter First Order 
Rate 
Constant 
(m-1) 
Predicted Surface 
Concentration  
(mg-N/l) 
Predicted 
Travel Distance 
(m)d 
Probability the 
concentration will 
exceed 10 mg-N/l 
TKN 0.70 8.3 3.5 3% 
TAN 0.80 5.9 2.2 0% 
 
The higher predicted surface concentrations can be attributed to the assumption the 
wastewater travels straight up.  However, as the salinity gradient decreases, the 
wastewater begins to travel more laterally.  Therefore, increasing the distance traveled to 
reach the surface.    Additionally, the laboratory study verified the continuous treatment 
of nitrogen as the wastewater moves past the 1.5 m monitoring wells at the field site.  
They also indicated the impact that Juncus roemerianus has on the redox of the 
underlying media in the field. This impact triggers nitrification/denitrification reactions in 
the zone of the rhizophere.  Therefore, once the wastewater reaches this zone in the field, 
the removal processes will increase. For the 2.8 L/min flow regime, the predicted travel 
distances required to meet the effluent limit for nitrogen was less than the depth of 
injection.   However, in order to include a safety factor to ensure the effective treatment 
of nitrogen, the depth of injection should be increased to 4.5 m.   
3.4 Conclusions 
 
 The laboratory study conducted yielded results indicating the impact Juncus 
roemerianus has on the underlying redox conditions and nitrogen processes occurring in 
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the soil. The removal rates in the upper 7 cm of the columns were 0.1 and 0.06 day-1 for 
the planted and unplanted columns, respectively.  At the 7 cm sampling port (located near 
the rhizophere), the redox potential of the planted columns was significantly higher 
(p=0.0001; α =0.5) than that of the unplanted columns.  The increase in redox potential 
triggered an increase production of NO2--N at the 7 cm depth in the planted columns, 
indicating an increased rate of nitrification due to the presence of Juncus roemerianus.   
The effective treatment of domestic wastewater by the MUS has been proven 
through the studies conducted in Moss Point, MS.  A total of 98-1.5 m samples were 
analyzed for TAN, and only 3 had concentrations greater than the self-imposed limit of 
10 mg-N/l.  Four out of the 68 analyzed for TKN had concentrations greater than 10 mg-
N/l.  The primary mechanisms responsible for the removal of nitrogen were adsorption, 
anammox, and nitrification/denitrification reactions. 
The injection scheme with a flowrate of 2.8 l/min (30min/3hr) yielded the most 
effective treatment without indications of hydraulic failure.  A flowrate of 5.5 l/min 
caused an increase in injection pressure, which resulted in hydraulic channelization.  
When the frequency of injection was increased to 15min/hr from 30 min/3hr for a 
flowrate of 2.8 l/min, effective removal was observed.  However, this injection scheme 
resulted in system failure due to clogging. 
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Chapter 4: Global Discussions and Conclusions 
4.0 Introduction 
 
 This thesis is divided into two main sections which present research discussing 
the evaluation of the marshland upwelling system under high hydraulic loading and low 
temperature and analysis of the MUS under a number of different injection schemes, 
respectively.  The second section of the thesis includes a pilot study to determine the role 
of macrophytes on the redox condition and nitrification processes in the soil.   
4.1 Artificial Wastewater Study 
The first section discussed the performance of the MUS during high hydraulic 
loadings and colder temperatures.  The systems treatment was evaluated in terms of 
hydraulic performance and removal of CBOD5 (carbonaceous biochemical oxygen 
demand), TKN (total kjeldahl nitrogen), TAN (total ammonia nitrogen), TP (total 
phosphorus), and PO4-P (orthophosphate).  After evaluating the injection pressure data 
for indications of hydraulic dysfunction, there were no signs of clogging or hydraulic 
channelization.  The CBOD5 was reduced from an influent concentration of 227 mg/l to 
19 mg/l at a depth of 1.5 m.  The 1.5 m concentration was well below the limit of 30 mg/l 
demonstrating the effective treatment of CBOD5 (USEPA, 2002c).  The distance required 
to treat CBOD5 to a concentration of 30 mg/l was predicted to be 4.1 m, which is greater 
than the depth of injection.  However, the probability that the wastewater’s CBOD5 
concentration after reaching the surface would exceed 30 mg/l was 28%.  Theoretically if 
the wastewater traveled straight up, the 3.8 m depth of the injection would not be 
sufficient to effectively treat the CBOD5, but in all practical circumstances the 
wastewater will disperse more laterally as the salinity gradient and buoyant forces 
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decrease. However, this design issue will be addressed in future work.  The 
concentrations of TKN and TAN in the influent were 120 and 110 mg-N/l respectively.  
The concentration of TKN at the 1.5 depth was 3.0 mg-N/l, which fell well below the self 
imposed limit of 10 mg/l.  The effective treatment of TAN was also observed based on a 
1.5 m concentration of 1.3 mg-N/l.  The distances required treating TKN and TAN below 
the limit of 10 mg/l was 3.7 and 3.6 m, respectively.  Both of these distances were less 
than the depth of injection, however an increase in the injection depth is recommended to 
include a safety factor for the treatment.  The probability that the concentration of TKN 
would exceed the limit of 10 mg-N/l was 3%.  There was a only a 1% chance that TAN 
would exceed this limit after reaching the surface.  The TP influent concentration of 14 
mg-P/l was reduced to a concentration of 0.3 mg-P/l at a depth of 1.5 m.  Similarly, the 
concentration of PO4-P was reduced from 7.2 mg-P/l to 0.7 mg-P/l. 
4.2 Field Study 
The second section of the thesis focused on the efficiency of treatment when 
operating under numerous injection schemes.  The different injection schemes evaluated 
were at flowrates and frequencies of 1.9 l/min injecting for 30 min every 3 hr, 2.8 l/min 
injecting for 30 min every 3 hr, 5.5 l/min for 30 min every 3 hr, and 2.8 l/min for 15 min 
every hr.  After evaluating the results of the studies in terms of hydraulic performance 
and nitrogen removal, the injection scheme with a flowrate of 2.8 l/min injecting for 30 
min every 3 hr offered the best scenario.  The injection pressure associated with this 
study was 89 kPa, however no signs of clogging or hydraulic channelization were 
observed throughout this study period.  The influent TKN concentration of 169 mg-N/l 
was reduced to 2.3 mg-N/l in the 1.5 m samples.  The TAN was reduced from an influent 
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concentration of 139 mg-N/l to 1.2 mg-N/l in the 1.5 m samples.  Both TKN and TAN 
were reduced to well below the 10 mg-N/l limit used to evaluate the MUS.  The predicted 
distances required to treat TKN and TAN below the limit were 3.2 and 2.9 m 
respectively.  Both of these distances are less than the depth of injection; however, a 
safety factor should be provided.   
4.3 Laboratory Study 
The laboratory study revealed that the macrophytes do play an important role in 
providing oxygen to the subsoil.  At a depth of 7 cm the redox potential was significantly 
higher in the planted columns compared to the unplanted.  The nitrite (NO2--N) 
concentration in the planted column was also significantly higher at this depth.  This can 
be attributed to the elevated redox potential in the planted columns and the large 
microbial biomass commonly found in the plants root systems.   
4.4 Final Design and Operational Recommendations 
In conclusion, the operational flowrate and injection frequency to effectively treat 
the wastewater for nitrogen should be 2.8 l/min injection for 30 min every 3 hr.  Based on 
the results of the studies, the design injection depth should be modified to 5.0 m to ensure 
effective treatment of the wastewater under all conditions.  The potential mechanisms 
responsible for the removal of nitrogen in the MUS are adsorption, anammox, and 
nitrification/denitrification reactions.  Future work will focus on identifying the 
magnitude of removal each of these processes is responsible for. 
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Appendix A: Field Soil Properties 
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Sample Description: Moss Point field sample collected from marsh surface.
Sieve Analysis
Test Date: 5/10/02
Sample Mass, Mo 293.84 g
US Sieve Number
Sieve 
Opening
Mass 
Retained
Mass 
Passing
% Finer by 
Weight
(mm) (g) (g) (%)
d M Mp p
40 0.425 59.75 233.53 79.63
60 0.250 29.95 203.58 69.41
80 0.200 18.74 184.84 63.03
100 0.150 12.71 172.13 58.69
140 0.106 19.27 152.86 52.12
200 0.075 32.4 120.46 41.07
Pan * 120.46 0.0 0.00
Total Mass, Mtot 293.28 g
Wet Sieve Results for 50 g Subsample
Initial mass 50.0 g
Final mass 22.1 g
% Passing Sieve 200 55.8 %
Hydrometer Analysis
Test Date & Time 5/13/02 10:51 Meniscus Corection (Fm) 0.5
Hydrometer Type ASTM 152-H Zero Correction (Fz) 0.5
Temperature Correction (Ft) 0.9
Dry Weight of Soil (g) 40.93 Correction for SG (a) 1
Conc. of DA (g/L) 4
Vol. of DA (mL) 125 Specific Gravity (SG) 2.65
Water Temp. (oC) 23
DA = Dispersing Agent Unitless Factor (A) 0.0135
Date & Time Elapsed Time
Hydro. 
Reading 
(R) Rcp % Finer Rcl L D
(min) (cm) (mm)
5/13/02 10:52 1 24.5 24.9 60.8 25.0 12.2 0.047
5/13/02 10:53 2 22.5 22.9 55.9 23.0 12.5 0.034
5/13/02 10:54 3 20.0 20.4 49.8 20.5 12.9 0.028
5/13/02 10:55 4 17.0 17.4 42.5 17.5 13.4 0.025
5/13/02 10:59 8 11.5 11.9 29.1 12.0 14.3 0.018
5/13/02 11:06 15 9.0 9.4 23.0 9.5 14.7 0.013
5/13/02 11:36 45 8.5 8.9 21.7 9.0 14.8 0.008
5/13/02 12:07 76 8.5 8.9 21.7 9.0 14.8 0.006
5/13/02 12:50 119 8.5 8.9 21.7 9.0 14.8 0.005
5/13/02 15:24 273 8.0 8.4 20.5 8.5 14.9 0.003
5/13/02 22:53 722 8.0 8.4 20.5 8.5 14.9 0.002
5/14/02 8:12 1281 8.0 8.4 20.5 8.5 14.9 0.001
% Clay (Hydrometer) 20.5  
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Sample Description: Moss Point field sample collected from marsh surface.
Grain Size
% Finer by 
Weight D10 -- mm
(mm) (%) D17 0.019 mm
D p D30 0.032 mm
0.425 79.63 D50 0.099 mm
0.250 69.41 D60 0.164 mm
0.200 63.03 Cu #VALUE!
0.150 58.69 Cc #VALUE!
0.106 52.12
0.075 41.07 % Sand 44.2 %
0.047 33.92 % Silt 44.3 %
0.034 31.20 % Clay 11.4 %
0.028 27.79
0.025 23.71
0.018 16.21
0.013 12.81
0.008 12.13
0.006 12.13
0.005 12.13
0.003 11.44
0.002 11.44
0.001 11.44
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Sample Description: Moss Point field sample collected at a depth of 8 ft.
Sieve Analysis
Test Date: 3/23/02
Sample Mass, Mo 681.09 g
US Sieve Number Sieve Opening
Mass 
Retained
Mass 
Passing
% Finer by 
Weight
(mm) (g) (g) (%)
d M Mp p
20 0.850 0.19 680.8 99.97
40 0.425 0.25 680.55 99.94
60 0.250 0.33 680.22 99.89
80 0.200 1.47 678.75 99.67
100 0.150 9.68 669.07 98.25
200 0.075 240.98 428.09 62.86
Pan * 428.09 0.0 0.00
* Mass passing Sieve 200 after dry sieving 1 181.3 g
Mass retained by Sieve 200 after wet sieving 258.8 g
Mass passing Sieve 200 after wet sieving 241.0 g
Mass passing Sieve 200 after dry sieving 2 5.8 g
Total Mass, Mtot 680.99 g % Passing Sieve 200 62.9 %
Hydrometer Analysis
Test Date & Time 4/12/02 13:39 Meniscus Corection (Fm) 0.5
Hydrometer Type ASTM 152-H Zero Correction (Fz) 0.5
Temperature Correction (Ft) 0.4
Dry Weight of Soil (g) 49.32 Correction for SG (a) 1
Conc. of DA (g/L) 4
Vol. of DA (mL) 125 Specific Gravity (SG) 2.65
Water Temp. (oC) 21
DA = Dispersing Agent Unitless Factor (A) 0.0135
Date & Time Elapsed Time
Hydro. 
Reading 
(R) Rcp % Finer Rcl L D
(min) (cm) (mm)
4/12/02 13:40 1 40.5 40.4 81.9 41.0 9.6 0.042
4/12/02 13:41 2 37.0 36.9 74.8 37.5 10.1 0.030
4/12/02 13:42 3 33.8 33.7 68.2 34.3 10.7 0.025
4/12/02 13:43 4 32.5 32.4 65.7 33.0 10.9 0.022
4/12/02 13:47 8 29.5 29.4 59.6 30.0 11.4 0.016
4/12/02 13:54 15 26.0 25.9 52.5 26.5 12.0 0.012
4/12/02 14:11 32 22.0 21.9 44.4 22.5 12.6 0.008
4/12/02 14:39 60 20.5 20.4 41.4 21.0 12.9 0.006
4/12/02 16:56 197 19.5 19.4 39.3 20.0 13.0 0.003
4/12/02 19:59 380 18.5 18.4 37.3 19.0 13.2 0.003
4/13/02 8:54 1155 18.0 17.9 36.3 18.5 13.3 0.001
4/15/02 8:53 4034 17.0 16.9 34.3 17.5 13.4 0.001
% Clay (Hydrometer) 36.8  
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Sample Description: Moss Point field sample collected at a depth of 8 ft.
Grain Size
% Finer by 
Weight D10 -- mm
(mm) (%) D17 -- mm
D p D30 0.010 mm
0.850 99.97 D50 0.039 mm
0.425 99.94 D60 0.065 mm
0.250 99.89 Cu #VALUE!
0.200 99.67 Cc #VALUE!
0.150 98.25
0.075 62.86 % Sand 37.1 %
0.042 51.50 % Silt 39.7 %
0.030 47.04 % Clay 23.1 %
0.025 42.89
0.022 41.30
0.016 37.48
0.012 33.01
0.008 27.92
0.006 26.00
0.003 24.73
0.003 23.45
0.001 22.82
0.001 21.54
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Sample Description: Moss Point field sample collected at a depth of 10 ft.
Sieve Analysis
Test Date: 3/23/02
Sample Mass, Mo 602.99 g
US Sieve Number
Sieve 
Opening
Mass 
Retained
Mass 
Passing
% Finer by 
Weight
(mm) (g) (g) (%)
d M Mp p
20 0.850 0.09 602.3 99.99
40 0.425 0.19 602.11 99.95
60 0.250 1.12 600.99 99.77
80 0.200 47.97 553.02 91.80
100 0.150 166.62 386.4 64.14
200 0.075 156.91 229.49 38.10
Pan * 229.49 0.0 0.00
* Mass passing Sieve 200 after dry sieving 1 124.7 g
Mass retained by Sieve 200 after wet sieving 377.4 g
Mass passing Sieve 200 after wet sieving 100.9 g
Mass passing Sieve 200 after dry sieving 2 3.9 g
Total Mass, Mtot 602.39 g % Passing Sieve 200 38.1 %
Hydrometer Analysis
Test Date & Time 4/12/02 14:05 Meniscus Corection (Fm) 0.5
Hydrometer Type ASTM 152-H Zero Correction (Fz) 0.5
Temperature Correction (Ft) 0.4
Dry Weight of Soil (g) 49.29 Correction for SG (a) 1
Conc. of DA (g/L) 4
Vol. of DA (mL) 125 Specific Gravity (SG) 2.65
Water Temp. (oC) 21
DA = Dispersing Agent Unitless Factor (A) 0.0135
Date & Time Elapsed Time
Hydro. 
Reading 
(R) Rcp % Finer Rcl L D
(min) (cm) (mm)
4/12/02 14:06 1 42 41.9 85.0 42.5 9.3 0.041
4/12/02 14:07 2 37 36.9 74.9 37.5 10.1 0.030
4/12/02 14:08 3 34 33.9 68.8 34.5 10.6 0.025
4/12/02 14:10 5 31 30.9 62.7 31.5 11.1 0.020
4/12/02 14:13 8 28 27.9 56.6 28.5 11.6 0.016
4/12/02 14:20 15 25 24.9 50.5 25.5 12.1 0.012
4/12/02 14:35 30 22.5 22.4 45.4 23.0 12.5 0.009
4/12/02 15:05 60 21.5 21.4 43.4 22.0 12.7 0.006
4/12/02 16:52 167 20.5 20.4 41.4 21.0 12.9 0.004
4/12/02 19:58 353 19.5 19.4 39.4 20.0 13.0 0.003
4/13/02 8:57 1132 19 18.9 38.3 19.5 13.1 0.001
4/15/02 8:52 4007 18 17.9 36.3 18.5 13.3 0.001
% Clay (Hydrometer) 38.8  
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Sample Description: Moss Point field sample collected at a depth of 10 ft.
Grain Size
% Finer by 
Weight D10 -- mm
(mm) (%) D17 0.008 mm
D p D30 0.034 mm
0.850 99.99 D50 0.103 mm
0.425 99.95 D60 0.134 mm
0.250 99.77 Cu #VALUE!
0.200 91.80 Cc #VALUE!
0.150 64.14
0.075 38.10 % Sand 61.9 %
0.041 32.38 % Silt 23.3 %
0.030 28.52 % Clay 14.8 %
0.025 26.20
0.020 23.88
0.016 21.56
0.012 19.25
0.009 17.31
0.006 16.54
0.004 15.77
0.003 14.99
0.001 14.61
0.001 13.84
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Sample Description: Moss Point field sample collected at a depth of 12 ft.
Sieve Analysis
Test Date: 3/23/02
Sample Mass, Mo 546.00 g
US Sieve Number
Sieve 
Opening
Mass 
Retained
Mass 
Passing
% Finer by 
Weight
(mm) (g) (g) (%)
d M Mp p
20 0.850 0.1 545.3 99.98
40 0.425 0.14 545.16 99.96
60 0.250 0.95 544.21 99.78
80 0.200 44.04 500.17 91.71
100 0.150 259.07 241.1 44.21
200 0.075 163.3 77.8 14.26
Pan * 77.80 0.0 0.00
* Mass passing Sieve 200 after dry sieving 1 20.7 g
Mass retained by Sieve 200 after wet sieving 470.9 g
Mass passing Sieve 200 after wet sieving 54.5 g
Mass passing Sieve 200 after dry sieving 2 2.7 g
Total Mass, Mtot 545.4 g % Passing Sieve 200 14.3 %
Hydrometer Analysis
Test Date & Time 4/12/02 14:30 Meniscus Corection (Fm) 0.5
Hydrometer Type ASTM 152-H Zero Correction (Fz) 0.5
Temperature Correction (Ft) 0.4
Dry Weight of Soil (g) 19.56 Correction for SG (a) 1
Conc. of DA (g/L) 4
Vol. of DA (mL) 125 Specific Gravity (SG) 2.65
Water Temp. (oC) 21
DA = Dispersing Agent Unitless Factor (A) 0.0135
Date & Time Elapsed Time
Hydro. 
Reading 
(R) Rcp % Finer Rcl L D
(min) (cm) (mm)
4/12/02 14:31 1 15 14.9 76.2 15.5 13.8 0.050
4/12/02 14:32 2 12.5 12.4 63.4 13.0 14.2 0.036
4/12/02 14:33 3 11 10.9 55.7 11.5 14.4 0.030
4/12/02 14:34 4 10.5 10.4 53.2 11.0 14.5 0.026
4/12/02 14:36 6 10 9.9 50.6 10.5 14.6 0.021
4/12/02 14:38 8 8.5 8.4 42.9 9.0 14.8 0.018
4/12/02 14:42 12 8 7.9 40.4 8.5 14.9 0.015
4/12/02 14:45 15 8 7.9 40.4 8.5 14.9 0.013
4/12/02 15:00 30 8 7.9 40.4 8.5 14.9 0.010
4/12/02 16:49 139 8 7.9 40.4 8.5 14.9 0.004
4/12/02 20:00 330 7.5 7.4 37.8 8.0 15.0 0.003
4/13/02 8:59 1109 7.5 7.4 37.8 8.0 15.0 0.002
4/15/02 8:51 3981 7.5 7.4 37.8 8.0 15.0 0.001
% Clay (Hydrometer) 37.8  
 113
Sample Description: Moss Point field sample collected at a depth of 12 ft.
Grain Size
% Finer by 
Weight D10 0.153 mm
(mm) (%) D17 0.080 mm
D p D30 0.108 mm
0.850 99.98 D50 0.155 mm
0.425 99.96 D60 0.165 mm
0.250 99.78 Cu 1.08
0.200 91.71 Cc 0.462
0.150 44.21
0.075 14.26 % Sand 85.7 %
0.050 10.87 % Silt 8.9 %
0.036 9.04 % Clay 5.4 %
0.030 7.95
0.026 7.58
0.021 7.22
0.018 6.13
0.015 5.76
0.013 5.76
0.010 5.76
0.004 5.76
0.003 5.40
0.002 5.40
0.001 5.40
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Appendix B: Rhodamine WT Field Study 
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RWT Field Study
RWT Concentration (ppb)
Date & Time
Elapsed 
Time
WW 
Volume 
Injected
Cumulative 
WW Vol. 
Injected A7.5 A10 B7.5 B10 C7.5 C10 D7.5 D10
(days) (gallons) (gallons)
7/11/01 17:00 0 1590 0
7/11/01 18:45 0.07 1600 10 14 3 16 5 5 10 4 2
7/11/01 22:00 0.21 1618 28 6 0 5 0 0 4 1 0
7/12/01 6:00 0.54 1650 60 14 2 14 10 7 16 3 14
7/12/01 10:00 0.71 1668 78 5 0 0 1 1 14 2 1
7/12/01 14:00 0.88 1686 96 4 0 15 8 1 38 8 3
7/12/01 18:00 1.04 1711 121 4 0 20 9 2 57 17 4
7/13/01 6:45 1.57 1765 175 3 0 15 12 6 26 14 13
7/13/01 10:00 1.71 1780 190 3 0 17 9 2 40 14 7
7/13/01 14:00 1.88 1793 203 4 1 17 16 3 28 11 9
7/13/01 18:00 2.04 1827 237 5 4 15 11 4 19 12 9
7/13/01 22:00 2.21 1856 266 2 6 7 11 6 23 5 6
7/14/01 6:00 2.54 1856 266 12 7 11 13 13 30 12 13
7/14/01 10:00 2.71 1888 298 4 3 5 6 5 23 4 7
7/14/01 14:00 2.88 1904 314 10 3 5 10 6 31 5 7
7/14/01 18:00 3.04 1925 335 4 7 65 8 5 20 5 7
7/14/01 22:00 3.21 1925 335 8 0 25 7 5 17 7 9
7/15/01 6:00 3.54 1934 344 9 8 20 13 9 24 10 16
7/15/01 10:00 3.71 1934 344 3 0 33 4 5 14 4 170
7/15/01 14:00 3.88 1984 394 2 3 21 5 4 15 5 11
7/15/01 18:30 4.06 2000 410 7 5 15 9 9 23 7 10
7/15/01 22:00 4.21 2010 420 17 7 17 20 7 26 13 8
7/16/01 6:00 4.54 2090 500 11 8 8 13 56 19 27 12
7/16/01 10:00 4.71 2090 500 28 5 8 11 34 9 22 7
7/16/01 14:00 4.88 2090 500 19 6 13 13 32 12 18 12
7/16/01 18:00 5.04 2111 521 13 8 11 22 25 11 15 9
7/16/01 22:00 5.21 2160 570 16 3 9 15 23 1000 25 8
7/17/01 6:00 5.54 2160 570 14 15 10 14 62 1000 14 10
7/17/01 10:00 5.71 2160 570 14 6 6 10 47 1000 27 7
7/17/01 14:00 5.88 2160 570 26 10 21 16 18 1000 25 9
7/17/01 18:00 6.04 2160 570 20 17 18 15 20 1000 25 8
7/17/01 22:00 6.21 2160 570 25 4 24 21 58 1000 28 14
7/18/01 10:30 6.73 2230 640 15 6 8 8 36 1000 8 24
7/19/01 12:15 7.80 2264 674 12 6 12 13 14 2720 30 383
7/19/01 18:00 8.04 2307 717 7 1 15 40 8 5850 18 8550
7/19/01 22:00 8.21 2309 719 7 7 14 840 12 5800 36 6275
7/20/01 6:00 8.54 2309 719 6 0 6 6100 9 5615 51 2525
7/20/01 9:30 8.69 2323 733 1 0 2 7350 31 5570 51 1775
7/20/01 14:00 8.88 2340 750 5 12 6 5000 13 6575 52 2130
7/20/01 17:00 9.00 2369 779 8 33 5 4910 9 5725 13 2510
7/20/01 22:00 9.21 2379 789 6 5 4 4450 15 5665 23 2400
7/21/01 10:00 9.71 2379 789 11 956 11 9960 22 9135 16 4285
7/21/01 14:00 9.88 2398 808 5 2250 18 6370 26 6290 28 2995
7/21/01 18:00 10.04 2417 827 13 1190 13 9600 27 7345 30 3750
7/21/01 22:00 10.21 2421 831 18 790 39 9215 28 7675 30 3600
7/22/01 6:00 10.54 2450 860 16 240 22 7035 23 7825 20 6405
7/22/01 10:00 10.71 2450 860 25 7250 27 5910 55 7920 32 3570
7/22/01 14:00 10.88 2450 860 24 10040 25 4315 53 9350 40 4375
7/22/01 22:00 11.21 2450 860 32 9740 53 4470 20 9380 163 5560
7/23/01 6:00 11.54 2450 860 30 4620 180 5150 46 8140 50 5325
7/23/01 10:00 11.71 2450 860 16 8490 543 3660 70 7415 29 4480
7/23/01 18:00 12.04 2474 884 15 10100 1033 4540 35 9930 10 7600
7/23/01 22:00 12.21 2494 904 55 8960 1810 5205 123 9865 43 5200
7/24/01 6:00 12.54 2503 913 10 9150 2250 5150 40 9900 9 7960
7/24/01 10:00 12.71 2507 917 12 7885 3290 4700 87 8725 38 8125
7/24/01 12:30 12.81 2512 922 13 8540 3715 4215 106 9150 111 9450
7/25/01 7:00 13.58 2524 934 13 8865 6840 3540 121 6495 13 8920
7/25/01 10:00 13.71 2535 945 10 8930 7040 3200 118 6430 53 9290
7/25/01 14:00 13.88 2535 945 20 9315 7250 2845 137 6040 118 8160
7/27/01 8:30 15.65 2641 1051 10 7965 8150 5140 87 4625 2645 9200
7/27/01 12:00 15.79 2641 1051 57 8800 9700 5220 116 3980 3140 8850
7/27/01 15:00 15.92 2641 1051 19 9250 8910 5230 146 4350 3250 9800
7/29/01 9:00 17.67 2779 1189 7 8400 9675 9765 87 9325 4440 7505
7/29/01 12:30 17.81 2779 1189 16 8750 9800 5100 115 9525 4100 8080  
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RWT Field Study
RWT Concentration (ppb)
Date & Time
Elapsed 
Time E7.5 F7.5 G7.5 H7.5 I5 I10 J5 J10 K5 K10
(days)
7/11/01 17:00 0
7/11/01 18:45 0.07 4 5 8 8 0 0 0
7/11/01 22:00 0.21 2 3 0 1 0 0 0
7/12/01 6:00 0.54 10 19 9 9 6 9 0
7/12/01 10:00 0.71 3 2 0 4 0 0 0
7/12/01 14:00 0.88 3 10 1 12 0 0 0
7/12/01 18:00 1.04 6 14 2 25 0 0 0
7/13/01 6:45 1.57 15 13 7 15 3 2 2
7/13/01 10:00 1.71 14 14 3 21 1 3 0
7/13/01 14:00 1.88 8 8 5 14 3 1 0
7/13/01 18:00 2.04 8 18 9 11 4 0 0
7/13/01 22:00 2.21 6 10 5 7 1 0 0
7/14/01 6:00 2.54 12 14 10 14 6 5 6
7/14/01 10:00 2.71 8 9 4 7 0 2 3
7/14/01 14:00 2.88 6 8 4 5 3 2 1
7/14/01 18:00 3.04 3 7 5 6 0 0 1
7/14/01 22:00 3.21 6 10 6 6 0 0 0
7/15/01 6:00 3.54 11 17 8 13 9 4 5
7/15/01 10:00 3.71 7 6 3 3 1 1 0
7/15/01 14:00 3.88 8 8 5 5 0 0 1
7/15/01 18:30 4.06 9 12 7 9 3 0 0
7/15/01 22:00 4.21 13 18 8 9 5 5 0
7/16/01 6:00 4.54 16 20 62 15 4 5 3
7/16/01 10:00 4.71 11 10 52 7 3 0 3
7/16/01 14:00 4.88 10 12 43 9 3 3 3
7/16/01 18:00 5.04 10 14 27 13 1 3 3
7/16/01 22:00 5.21 19 14 39 20 3 1 1
7/17/01 6:00 5.54 12 19 41 16 4 1
7/17/01 10:00 5.71 7 18 37 9 4 3 5
7/17/01 14:00 5.88 14 14 31 19 33 0 7
7/17/01 18:00 6.04 16 14 22 16 18 0 26
7/17/01 22:00 6.21 15 23 27 14 10 0 6
7/18/01 10:30 6.73 9 15 15 8 11 2 7
7/19/01 12:15 7.80 18 10 16 19 6 12 11
7/19/01 18:00 8.04 16 73 10 16 3 9 1
7/19/01 22:00 8.21 15 85 16 18 3 10 2
7/20/01 6:00 8.54 11 24 15 16 3 8 0
7/20/01 9:30 8.69 7 9 11 6 2 5 0
7/20/01 14:00 8.88 6 23 10 4 1 0 -1
7/20/01 17:00 9.00 6 12 12 5 1 501 -1
7/20/01 22:00 9.21 8 15 13 10 4 158 3
7/21/01 10:00 9.71 13 19 12 28 88 193 10
7/21/01 14:00 9.88 23 30 31 28 20 16 190
7/21/01 18:00 10.04 24 25 37 30 16 156 14
7/21/01 22:00 10.21 24 25 30 28 14 76 13
7/22/01 6:00 10.54 20 24 31 27 16 50 15
7/22/01 10:00 10.71 26 25 78 26 15 36 18
7/22/01 14:00 10.88 22 21 28 26 14 40 12
7/22/01 22:00 11.21 23 76 28 12 1 30 1
7/23/01 6:00 11.54 20 24 24 20 9 23 4
7/23/01 10:00 11.71 10 28 48 10 6 18 2
7/23/01 18:00 12.04 38 30 44 14 3 9 3
7/23/01 22:00 12.21 16 43 32 20 20 28 9
7/24/01 6:00 12.54 16 12 36 15 2 9 3
7/24/01 10:00 12.71 16 22 39 9 4 10 5
7/24/01 12:30 12.81 12 32 39 12 2 10 4
7/25/01 7:00 13.58 12 22 101 26 14 18 6
7/25/01 10:00 13.71 15 20 106 18 12 30 5
7/25/01 14:00 13.88 20 53 111 56 25 40 18
7/27/01 8:30 15.65 5 20 54 10 6 3 1
7/27/01 12:00 15.79 11 36 68 12 3 15 8
7/27/01 15:00 15.92 9 42 178 11 5 6 16
7/29/01 9:00 17.67 9 64 102 11 6 12 24
7/29/01 12:30 17.81 20 93 119 20 12 16 10  
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RWT Field Study
RWT Concentration (ppb)
Date & Time
Elapsed 
Time L5 L10 M5 M7.5 N5 N7.5 O5 O7.5 P5 P7.5
(days)
7/11/01 17:00 0
7/11/01 18:45 0.07 0 4 10 5 6 3 2 3 6
7/11/01 22:00 0.21 0 0 10 4 3 0 4 0 1
7/12/01 6:00 0.54 0 5 8 15 9 6 14 12 9
7/12/01 10:00 0.71 0 0 32 5 4 1 5 1 13
7/12/01 14:00 0.88 0 0 44 5 7 1 8 1 33
7/12/01 18:00 1.04 0 2 31 5 3 2 15 1 45
7/13/01 6:45 1.57 1 7 60 10 8 7 8 7 30
7/13/01 10:00 1.71 0 2 112 9 6 1 19 2 34
7/13/01 14:00 1.88 0 3 66 8 3 4 11 3 32
7/13/01 18:00 2.04 1 4 23 11 5 7 22 4 25
7/13/01 22:00 2.21 0 5 23 0 0 5 5 6 32
7/14/01 6:00 2.54 4 9 41 14 15 10 13 9 28
7/14/01 10:00 2.71 0 3 18 10 10 3 22 5 20
7/14/01 14:00 2.88 1 4 22 11 5 6 13 4 16
7/14/01 18:00 3.04 0 5 15 10 9 6 11 3 13
7/14/01 22:00 3.21 1 5 34 11 9 6 7 2 14
7/15/01 6:00 3.54 5 10 18 14 17 9 18 8 23
7/15/01 10:00 3.71 0 4 13 5 6 5 10 1 15
7/15/01 14:00 3.88 0 2 30 5 9 6 2 3 18
7/15/01 18:30 4.06 0 9 21 13 12 10 5 7 25
7/15/01 22:00 4.21 0 14 23 15 18 12 10 11 29
7/16/01 6:00 4.54 1 12 11 16 11 12 10 11 20
7/16/01 10:00 4.71 0 7 26 16 12 9 15 6 11
7/16/01 14:00 4.88 2 7 20 11 7 8 26 9 28
7/16/01 18:00 5.04 2 9 24 13 16 10 12 8 16
7/16/01 22:00 5.21 -1 11 13 10 9 13 16 8 9
7/17/01 6:00 5.54 8 18 13 10 9 17 10 10
7/17/01 10:00 5.71 3 17 7 18 12 9 10 7 9
7/17/01 14:00 5.88 1 17 8 15 12 12 15 12 11
7/17/01 18:00 6.04 0 18 11 17 17 24 20 17 17
7/17/01 22:00 6.21 5 29 25 18 13 10 37 14 12
7/18/01 10:30 6.73 2 16 13 10 11 8 17 12 9
7/19/01 12:15 7.80 7 11 59 9 12 29 18 10 40
7/19/01 18:00 8.04 0 8 40 6 8 8 17 7 30
7/19/01 22:00 8.21 3 8 90 13 12 11 25 13 60
7/20/01 6:00 8.54 0 13 38 9 11 10 16 11 28
7/20/01 9:30 8.69 -1 5 45 10 5 9 26 8 16
7/20/01 14:00 8.88 -2 6 36 22 10 5 44 8 40
7/20/01 17:00 9.00 132 5 30 8 9 10 12 6 43
7/20/01 22:00 9.21 60 3 54 15 12 8 16 5 34
7/21/01 10:00 9.71 9 16 38 13 1 16 27 17 14
7/21/01 14:00 9.88 17 24 52 26 25 26 50 24 38
7/21/01 18:00 10.04 13 26 44 23 24 27 42 36 23
7/21/01 22:00 10.21 13 22 55 27 25 24 55 22 31
7/22/01 6:00 10.54 15 20 56 29 23 27 21 32 23
7/22/01 10:00 10.71 20 24 43 26 26 24 46 24 27
7/22/01 14:00 10.88 16 20 29 25 23 22 45 20 23
7/22/01 22:00 11.21 8 9 10 16 28 26 13 24 18
7/23/01 6:00 11.54 7 18 12 16 14 18 11 13 12
7/23/01 10:00 11.71 10 10 12 11 9 15 19 8 15
7/23/01 18:00 12.04 9 10 34 13 11 22 12 26 14
7/23/01 22:00 12.21 10 20 32 12 10 17 18 27 30
7/24/01 6:00 12.54 10 12 24 10 10 23 9 22 16
7/24/01 10:00 12.71 9 9 10 8 10 24 12 12 15
7/24/01 12:30 12.81 7 9 12 10 10 13 12 9 13
7/25/01 7:00 13.58 10 16 32 15 20 16 26 18 10
7/25/01 10:00 13.71 10 12 33 10 18 3 10 20 6
7/25/01 14:00 13.88 21 18 46 25 26 22 30 18 48
7/27/01 8:30 15.65 1 3 18 0 2 4 14 9 24
7/27/01 12:00 15.79 5 14 48 12 7 13 18 12 10
7/27/01 15:00 15.92 4 14 22 13 0 7 16 7 19
7/29/01 9:00 17.67 4 107 40 11 17 11 13 9 32
7/29/01 12:30 17.81 14 96 43 17 20 18 21 13 35  
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RWT Field Study
RWT Concentration (ppb)
Date & Time
Elapsed 
Time
WW 
Volume 
Injected
Cumulative 
WW Vol. 
Injected A7.5 A10 B7.5 B10 C7.5 C10 D7.5 D10
(days) (gallons) (gallons)
7/29/01 15:00 17.92 2779 1189 7 8800 10500 10440 95 10520 4050 8445
8/1/01 13:30 20.85 2899 1309 8 5640 6860 7390 56 8010 1444 4545
8/7/01 8:30 26.65 3251 1661 4 4780 7640 3540 100 6705 1880 6325
8/14/01 11:00 33.75 3448 1858 29 1659 4270 2405 112 2225 2090 900
8/23/01 11:00 42.75 3491 1901 16 1625 3125 2040 24 2335 1771 2285
9/5/01 11:00 55.75 3491 1901 114 1432 2005 1838 74 2220 645 1191
9/17/01 11:00 67.75 3785 2195 18 970 742 843 54 1435 465 1362
10/3/01 12:30 83.81 4638 3048 27 1028 849 495 17 518 422 385
10/22/01 11:00 102.75 5535 3945 4 661 486 268 13 381 385 235
11/19/01 13:00 130.83 6777 5187 16 180 244 239 20 317 176 167
12/3/01 12:00 144.79 7071 5481 6 383 231 208 39 223 77 123
12/16/01 12:00 157.79 7271 5681 6 132 185 -- 26 145 66 90
1/8/02 12:00 180.79 7975 6385 7 115 113 123 29 111 50 106
1/21/02 12:00 193.79 8410 6820 6 200 143 109 6 107 53 114
2/4/02 12:00 207.79 10602 9012 4 89 139 54 5 123 49 110
2/18/02 12:00 221.79 13657 12067 273 82 146 22 46 87 63 59
3/5/02 12:00 236.79 16305 14715 0 95 112 51 20 101 53 49  
 
RWT Concentration (ppb)
Date & Time
Elapsed 
Time E7.5 F7.5 G7.5 H7.5 I5 I10 J5 J10 K5 K10
(days)
7/29/01 15:00 17.92 9 116 100 14 6 9 8
8/1/01 13:30 20.85 9 27 77 10 9 5 1
8/7/01 8:30 26.65 11 39 12 6 1 0 -2
8/14/01 11:00 33.75 225 2260 28 38 22 3765 6
8/23/01 11:00 42.75 51 139 34 23 229 8545 7
9/5/01 11:00 55.75 40 36 86 31 7945 9000 12
9/17/01 11:00 67.75 39 21 41 30 8625 9615 19
10/3/01 12:30 83.81 29 355 20 17 3740 7160 7855
10/22/01 11:00 102.75 75 288 11 29 2140 4750 9670
11/19/01 13:00 130.83 12 31 21 19 44 1328 25 1534 22 1886
12/3/01 12:00 144.79 6 49 17 3 34 1373 14 961 16 958
12/16/01 12:00 157.79 7 22 24 16 12 1050 9 831 12 451
1/8/02 12:00 180.79 6 32 22 10 18 930 16 563 23 636
1/21/02 12:00 193.79 5 4 8 0 6 1270 9 770 9 1070
2/4/02 12:00 207.79 5 13 16 7 10 1002 12 583 14 400
2/18/02 12:00 221.79 17 27 28 16 4 1090 3 411 15 582
3/5/02 12:00 236.79 1 18 25 2 12 818 -- 302 23 1030  
 
RWT Concentration (ppb)
Date & Time
Elapsed 
Time L5 L10 M5 M7.5 N5 N7.5 O5 O7.5 P5 P7.5
(days)
7/29/01 15:00 17.92 10 158 19 9 8 27 9 6 30
8/1/01 13:30 20.85 5 216 33 15 13 6 10 9 25
8/7/01 8:30 26.65 -2 24 34 176 128 6 10 3 11
8/14/01 11:00 33.75 86 30 25 6460 3960 16 32 12 211
8/23/01 11:00 42.75 7780 16 34 7010 2815 8 14 69 29
9/5/01 11:00 55.75 7080 16 15 8400 8575 5 5 14 15
9/17/01 11:00 67.75 3645 22 23 5400 6050 31 107 20 12
10/3/01 12:30 83.81 8360 27 5 5850 4010 83 33 77 16
10/22/01 11:00 102.75 4990 7 21 1156 926 10 90 15 5
11/19/01 13:00 130.83 93 1341 25 21 1551 2615 25 97 39 22
12/3/01 12:00 144.79 75 1032 19 15 774 1091 22 37 101 8
12/16/01 12:00 157.79 49 966 15 11 334 1230 12 192 19 11
1/8/02 12:00 180.79 50 1800 21 23 554 377 20 326 35 18
1/21/02 12:00 193.79 44 5320 22 2 994 1548 2 617 8 2
2/4/02 12:00 207.79 51 4260 29 24 -- 423 30 305 23 22
2/18/02 12:00 221.79 46 1135 6 19 297 428 -- 410 6 6
3/5/02 12:00 236.79 42 948 20 17 344 280 57 1580 15 10  
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Table of Monitoring Wells’ Salinities, First Detection of Dye (FDT), and Mean Retention 
Time Calculations (MRT) 
 
Well Depth (m) V.D. (m) Salinity (ppt) FDT (d) MRT (d) 
A 3.0 1.44 10 9.7 51.6 
B 3.0 1.44 5 8.2 44.1 
 2.3 1.95 21 11.5 50.2 
C 3.0 1.44 8 5.2 45.1 
D 3.0 1.44 5 7.8 42.9 
 2.3 1.95 23 13.9 57.9 
F 2.3 1.75 26 34 68.1 
I 3.0 2.55 15 42.8 104.8 
J 3.0 2.55 12 33.8 84.6 
K 3.0 2.55 15 83.8 116.4 
L 3.0 2.55 13 33.8 116.0 
N 2.3 3.00 21 26.7 69.0 
 1.5 3.45 16 26.7 80.6 
O 2.3 3.00 26 158 --a 
FDT – First Detection Time 
aRWT was detected at O 2.3 at the end of the study; therefore, tracer response curve not complete. 
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Appendix C: Statistical Analyses
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Oneway (Salinity for Moss Point, MS) 
 
*Mean salinities for each flow regime were used for data analysis 
1.0  1.9 L/min (30 min every 3 hrs) 
2.0  5.5 L/min (30 min every 3 hrs) 
3.0  2.8 L/min (30 min every 3 hrs) 
4.0  Artificial Wastewater Study 
5.0  2.8 L/min (15 min/hr) 
ANOVA
VAR00002
99.928 4 24.982 2.643 .062
198.531 21 9.454
298.458 25
Between Groups
Within Groups
Total
Sum of
Squares df Mean Square F Sig.
 
Post Hoc Tests 
Multiple Comparisons
Dependent Variable: VAR00002
Tukey HSD
-.7083 2.08159 .997 -6.9095 5.4928
-5.1417* 1.66053 .039 -10.0885 -.1949
-1.3000 1.88287 .956 -6.9091 4.3091
-2.5950 1.75285 .586 -7.8168 2.6268
.7083 2.08159 .997 -5.4928 6.9095
-4.4333 2.17415 .283 -10.9102 2.0435
-.5917 2.34835 .999 -7.5875 6.4041
-1.8867 2.24545 .915 -8.5759 4.8026
5.1417* 1.66053 .039 .1949 10.0885
4.4333 2.17415 .283 -2.0435 10.9102
3.8417 1.98472 .330 -2.0709 9.7542
2.5467 1.86183 .654 -2.9998 8.0931
1.3000 1.88287 .956 -4.3091 6.9091
.5917 2.34835 .999 -6.4041 7.5875
-3.8417 1.98472 .330 -9.7542 2.0709
-1.2950 2.06258 .969 -7.4395 4.8495
2.5950 1.75285 .586 -2.6268 7.8168
1.8867 2.24545 .915 -4.8026 8.5759
-2.5467 1.86183 .654 -8.0931 2.9998
1.2950 2.06258 .969 -4.8495 7.4395
(J) VAR00001
2.00
3.00
4.00
5.00
1.00
3.00
4.00
5.00
1.00
2.00
4.00
5.00
1.00
2.00
3.00
5.00
1.00
2.00
3.00
4.00
(I) VAR00001
1.00
2.00
3.00
4.00
5.00
Mean
Difference
(I-J) Std. Error Sig. Lower Bound Upper Bound
95% Confidence Interval
The mean difference is significant at the .05 level.*. 
 
 
 
 122
Oneway (Temperature for Moss Point, MS) 
 
*Mean temperatures for each flow regime were used for data analysis 
1.0  1.9 L/min (30 min every 3 hrs) 
2.0  5.5 L/min (30 min every 3 hrs) 
3.0  2.8 L/min (30 min every 3 hrs) 
4.0  Artificial Wastewater Study 
5.0  2.8 L/min (15 min/hr) 
ANOVA
VAR00002
154.860 4 38.715 13.822 .000
53.219 19 2.801
208.080 23
Between Groups
Within Groups
Total
Sum of
Squares df Mean Square F Sig.
 
Post Hoc Tests 
Multiple Comparisons
Dependent Variable: VAR00002
Tukey HSD
1.2500 1.36651 .888 -2.8594 5.3594
4.1667* .96627 .003 1.2609 7.0724
7.1700* 1.01343 .000 4.1224 10.2176
2.6700 1.01343 .103 -.3776 5.7176
-1.2500 1.36651 .888 -5.3594 2.8594
2.9167 1.36651 .247 -1.1927 7.0260
5.9200* 1.40025 .004 1.7091 10.1309
1.4200 1.40025 .846 -2.7909 5.6309
-4.1667* .96627 .003 -7.0724 -1.2609
-2.9167 1.36651 .247 -7.0260 1.1927
3.0033 1.01343 .055 -.0443 6.0509
-1.4967 1.01343 .589 -4.5443 1.5509
-7.1700* 1.01343 .000 -10.2176 -4.1224
-5.9200* 1.40025 .004 -10.1309 -1.7091
-3.0033 1.01343 .055 -6.0509 .0443
-4.5000* 1.05849 .003 -7.6831 -1.3169
-2.6700 1.01343 .103 -5.7176 .3776
-1.4200 1.40025 .846 -5.6309 2.7909
1.4967 1.01343 .589 -1.5509 4.5443
4.5000* 1.05849 .003 1.3169 7.6831
(J) VAR00001
2.00
3.00
4.00
5.00
1.00
3.00
4.00
5.00
1.00
2.00
4.00
5.00
1.00
2.00
3.00
5.00
1.00
2.00
3.00
4.00
(I) VAR00001
1.00
2.00
3.00
4.00
5.00
Mean
Difference
(I-J) Std. Error Sig. Lower Bound Upper Bound
95% Confidence Interval
The mean difference is significant at the .05 level.*. 
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Oneway (pH of Studies) 
 
*Mean pHs for each flow regime were used for data analysis 
1.0  1.9 L/min (30 min every 3 hrs) 
2.0  5.5 L/min (30 min every 3 hrs) 
3.0  2.8 L/min (30 min every 3 hrs) 
4.0  Artificial Wastewater Study 
5.0  2.8 L/min (15 min/hr) 
ANOVA
VAR00002
.254 4 .064 3.514 .025
.362 20 .018
.616 24
Between Groups
Within Groups
Total
Sum of
Squares df Mean Square F Sig.
 
Post Hoc Tests 
Multiple Comparisons
Dependent Variable: VAR00002
Tukey HSD
-.1800 .10981 .491 -.5086 .1486
-.1533 .07765 .313 -.3857 .0790
-.2980* .08144 .012 -.5417 -.0543
-.1033 .07765 .676 -.3357 .1290
.1800 .10981 .491 -.1486 .5086
.0267 .10981 .999 -.3019 .3553
-.1180 .11252 .830 -.4547 .2187
.0767 .10981 .955 -.2519 .4053
.1533 .07765 .313 -.0790 .3857
-.0267 .10981 .999 -.3553 .3019
-.1447 .08144 .414 -.3884 .0990
.0500 .07765 .966 -.1823 .2823
.2980* .08144 .012 .0543 .5417
.1180 .11252 .830 -.2187 .4547
.1447 .08144 .414 -.0990 .3884
.1947 .08144 .159 -.0490 .4384
.1033 .07765 .676 -.1290 .3357
-.0767 .10981 .955 -.4053 .2519
-.0500 .07765 .966 -.2823 .1823
-.1947 .08144 .159 -.4384 .0490
(J) VAR00001
2.00
3.00
4.00
5.00
1.00
3.00
4.00
5.00
1.00
2.00
4.00
5.00
1.00
2.00
3.00
5.00
1.00
2.00
3.00
4.00
(I) VAR00001
1.00
2.00
3.00
4.00
5.00
Mean
Difference
(I-J) Std. Error Sig. Lower Bound Upper Bound
95% Confidence Interval
The mean difference is significant at the .05 level.*. 
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T-Test for pre-synthetic study temperatures and temperatures during study  
 
*Mean pre-synthetic temperatures and temperatures during the study were used 
for data analysis. 
Var 1 = pre-synthetic study temperatures 
Var 2 = study temperatures 
 
Paired Samples Statistics
1.2632 19 .45241 .10379
21.3158 19 3.30812 .75893
VAR00001
VAR00002
Pair
1
Mean N
Std.
Deviation
Std. Error
Mean
 
Paired Samples Correlations
19 -.712 .001VAR00001 & VAR00002Pair 1
N Correlation Sig.
 
 
T-Test of pre-synthetic study salinities and synthetic study salinities 
 
*Mean pre-synthetic temperatures and temperatures during the study were used 
for data analysis. 
Var 1 = pre-synthetic study temperatures 
Var 2 = study temperatures 
Paired Samples Statistics
1.1905 21 .40237 .08781
19.8429 21 3.46606 .75636
VAR00001
VAR00002
Pair
1
Mean N
Std.
Deviation
Std. Error
Mean
 
Paired Samples Correlations
21 -.074 .749VAR00001 & VAR00002Pair 1
N Correlation Sig.
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T-Test for pre-synthetic study pHs and post synthetic study pHs 
 
*Mean pre-synthetic temperatures and temperatures during the study were used 
for data analysis. 
Var 1 = pre-synthetic study temperatures 
Var 2 = study temperatures 
Paired Samples Statistics
1.2632 19 .45241 .10379
6.6358 19 .17027 .03906
VAR00001
VAR00002
Pair
1
Mean N
Std.
Deviation
Std. Error
Mean
 
Paired Samples Correlations
19 .549 .015VAR00001 & VAR00002Pair 1
N Correlation Sig.
 
 
Oneway Temperature for the (1) 1.5 m, (2) 2.3 m, and (3) 3.0 m  
monitoring wells 
 
*Mean temperatures at each depth of monitoring wells were used for data 
analysis 
ANOVA
VAR00005
28.796 2 14.398 12.042 .000
176.955 148 1.196
205.751 150
Between Groups
Within Groups
Total
Sum of
Squares df Mean Square F Sig.
 
Post Hoc Tests 
Multiple Comparisons
Dependent Variable: VAR00005
Tukey HSD
-.1347 .21989 .814 -.6553 .3859
-.9771* .21549 .000 -1.4873 -.4670
.1347 .21989 .814 -.3859 .6553
-.8425* .21887 .001 -1.3606 -.3243
.9771* .21549 .000 .4670 1.4873
.8425* .21887 .001 .3243 1.3606
(J) VAR00009
2.00
3.00
1.00
3.00
1.00
2.00
(I) VAR00009
1.00
2.00
3.00
Mean
Difference
(I-J) Std. Error Sig. Lower Bound Upper Bound
95% Confidence Interval
The mean difference is significant at the .05 level.*. 
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T-Test (pH of Plant Columns) 
 
*Mean pHs for planted and unplanted columns were used for data analysis 
Var 1 = Control 
Var 2 = Planted 
Paired Samples Statistics
1.4667 15 .51640 .13333
7.5093 15 .34258 .08845
VAR00001
VAR00002
Pair
1
Mean N
Std.
Deviation
Std. Error
Mean
 
Paired Samples Correlations
15 -.047 .869VAR00001 & VAR00002Pair 1
N Correlation Sig.
 
 
T-Test (Salinity in Plant Columns) 
 
*Mean salinities for planted and unplanted columns were used for data analysis 
Var 1 = Control 
Var 2 = Planted 
Paired Samples Statistics
1.5000 16 .51640 .12910
15.7238 16 5.86097 1.46524
VAR00001
VAR00002
Pair
1
Mean N
Std.
Deviation
Std. Error
Mean
 
Paired Samples Correlations
16 .102 .706VAR00001 & VAR00002Pair 1
N Correlation Sig.
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T-Test (Temperature in Plant Columns) 
 
*Mean salinities for planted and unplanted columns were used for data analysis 
Var 1 = Control 
Var 2 = Planted 
Paired Samples Statistics
1.4667 15 .51640 .13333
24.6247 15 .84160 .21730
VAR00001
VAR00002
Pair
1
Mean N
Std.
Deviation
Std. Error
Mean
 
Paired Samples Correlations
15 .453 .090VAR00001 & VAR00002Pair 1
N Correlation Sig.
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Test for Significant Difference between Redox Potentials for Planted vs. Unplanted 
Columns at the 7 cm depth 
*Redox measurement for each sampling date was used to perform test. 
 
SAS Code 
 
dm'log;clear;output;clear'; 
title 1 "Redox"; 
options nodate nocenter pageno=1 ls=78 ps=55; 
data one; 
input type $ conc Eh @@; 
cards; 
; 
proc glm data=one; class type; 
model conc=type; 
means type / LSD TUKEY DUNCAN; 
run; 
 
SAS Output 
 
1 Redox                                                                      
General Linear Models Procedure 
Class Level Information 
Class    Levels    Values 
TYPE          2    plant unplante 
Number of observations in data set = 43 
1 Redox                                                                      
2 
General Linear Models Procedure 
Dependent Variable: CONC 
                                   Sum of           Mean 
Source                  DF         Squares         Square   F Value     
Pr > F 
Model                    1     37.10403216    37.10403216      5.44     
0.0247 
Error                   41    279.62934161     6.82022784 
Corrected Total         42    316.73337377 
                  R-Square            C.V.       Root MSE            
CONC Mean 
                  0.117146        47.20263       2.611557        
5.532651 
Source                  DF       Type I SS    Mean Square   F Value     
Pr > F 
TYPE                     1     37.10403216    37.10403216      5.44     
0.0247 
Source                  DF     Type III SS    Mean Square   F Value     
Pr > F 
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TYPE                     1     37.10403216    37.10403216      5.44     
0.0247 
 
General Linear Models Procedure 
Means with the same letter are not significantly different. 
Tukey Grouping              Mean      N  TYPE 
                  A            6.3989     23  plant 
 
                  B            4.5365     20  unplante 
 
 
 
Test for Significant Difference between TAN concentrations for Planted vs. 
Unplanted Columns at the 7 cm depth 
*TAN concentrations for each sampling date were used to perform test. 
 
SAS Code 
title 1 "Ammonia"; 
options nodate nocenter pageno=1 ls=78 ps=55; 
data one; 
input type $ conc @@; 
cards; 
; 
proc glm data=one; class type; 
model conc=type; 
means type / LSD TUKEY DUNCAN; 
run; 
 
SAS Output 
 
General Linear Models Procedure 
Class Level Information 
Class    Levels    Values 
TYPE          2    plant unplante 
Number of observations in data set = 43 
1 Ammonia                                                                    
2 
General Linear Models Procedure 
Dependent Variable: CONC 
                                    Sum of           Mean 
Source                  DF         Squares         Square   F Value     
Pr > F 
Model                    1     37.10403216    37.10403216      5.44     
0.0247 
Error                   41    279.62934161     6.82022784 
Corrected Total         42    316.73337377 
                  R-Square            C.V.       Root MSE            
CONC Mean 
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                  0.117146        47.20263       2.611557             
5.532651 
Source                  DF       Type I SS    Mean Square   F Value     
Pr > F 
TYPE                     1     37.10403216    37.10403216      5.44     
0.0247 
Source                  DF     Type III SS    Mean Square   F Value     
Pr > F 
TYPE                     1     37.10403216    37.10403216      5.44     
0.0247 
 
General Linear Models Procedure 
Tukey's Studentized Range (HSD) Test for variable: CONC 
Means with the same letter are not significantly different. 
Tukey Grouping              Mean      N  TYPE 
                  A            6.3989     23  plant 
                  B            4.5365     20  unplanted 
 
 
 
 
 
 
Test for Significant Difference between NO2- concentrations for Planted vs. 
Unplanted Columns at the 7 cm depth 
* NO2-  concentrations for each sampling date were used to perform test. 
 
SAS Code 
dm'log;clear;output;clear'; 
title 1 "Nitrite"; 
options nodate nocenter pageno=1 ls=78 ps=55; 
data one; 
input type $ conc @@; 
cards; 
; 
proc glm data=one; class type; 
model conc=type; 
means type / LSD TUKEY DUNCAN; 
run; 
 
SAS Output 
 
General Linear Models Procedure 
Class Level Information 
Class    Levels    Values 
TYPE          2    plant unplante 
Number of observations in data set = 42 
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1 Nitrite                                                                    
2 
General Linear Models Procedure 
Dependent Variable: CONC 
                                   Sum of           Mean 
Source                  DF         Squares         Square   F Value     
Pr > F 
Model                    1      2.16584862     2.16584862      2.87     
0.0978 
Error                   40     30.15219435     0.75380486 
Corrected Total         41     32.31804298 
                  R-Square            C.V.       Root MSE            
CONC Mean 
                  0.067017        330.5104       0.868219             
0.262690 
Source                  DF       Type I SS    Mean Square   F Value     
Pr > F 
TYPE                     1      2.16584862     2.16584862      2.87     
0.0978 
Source                  DF     Type III SS    Mean Square   F Value     
Pr > F 
TYPE                     1      2.16584862     2.16584862      2.87     
0.0978 
 
General Linear Models Procedure 
Tukey's Studentized Range (HSD) Test for variable: CONC 
NOTE: This test controls the type I experimentwise error rate, but  
Tukey Grouping              Mean      N  TYPE 
                  A            0.4691     23  plant 
                   
                  B            0.0128     19  unplanted 
 
 
 
Weibull Distribution Fit for TKN of the 0.5 g/min (30 min/3hr) 
 
SAS Code 
 
dm "log;clear;out;clear"; 
data syn st; 
title1 '0.5 gpm (TKN) Weibull Distribution Fit'; 
title2 'Jeremy Fontenot'; 
input TKN; 
cards; 
; 
proc reliability; 
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distribution Weibull; 
probplot TKN; 
run; 
quit; 
 
SAS Output 
 
0.5 gpm (TKN) Weibull Distribution Fit                                                 
The RELIABILITY Procedure 
                         Weibull Parameter Estimates 
                                                Asymptotic Normal 
                                              95% Confidence Limits 
          Parameter     Estimate     Std Err       Lower       Upper 
          Scale           2.4385      0.5796      1.5304      3.8854 
          Shape           1.3467      0.3114      0.8559      2.1188 
                    Other Weibull Distribution Parameters 
                    Parameter   Parameter Value 
                    Mean                 2.2371 
                    Mode                 0.8902 
                    Median               1.8575 
                         Weibull Percentile Estimates 
                                                Asymptotic Normal 
                                              95% Confidence Limits 
          Percentage    Estimate     Std Err       Lower       Upper 
                 0.1      0.0144      0.0186      0.0012      0.1794 
                 0.2      0.0242      0.0282      0.0024      0.2387 
                 0.5      0.0478      0.0485      0.0065      0.3488 
                   1      0.0801      0.0719      0.0138      0.4656 
                   2      0.1345      0.1053      0.0290      0.6235 
                   5      0.2687      0.1695      0.0780      0.9252 
                  10      0.4586      0.2372      0.1664      1.2636 
                  20      0.8006      0.3241      0.3621      1.7702 
                  30      1.1341      0.3864      0.5817      2.2113 
                  40      1.4808      0.4398      0.8274      2.6503 
                  50      1.8575      0.4932      1.1039      3.1255 
                  60      2.2853      0.5556      1.4190      3.6803 
                  70      2.7989      0.6408      1.7869      4.3841 
                  80      3.4721      0.7774      2.2388      5.3850 
                  90      4.5300      1.0542      2.8709      7.1479 
                  95      5.5076      1.3706      3.3817      8.9700 
                  99      7.5794      2.1892      4.3030     13.3502 
                99.9     10.2422      3.4533      5.2892     19.8331 
 
 
Weibull Distribution Fit for TKN of the 1.4 L/min (30 min/3hr) 
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SAS Code 
 
dm "log;clear;out;clear"; 
data syn st; 
title1 '1.4 gpm (TKN) Weibull Distribution Fit'; 
title2 'Jeremy Fontenot'; 
input TKN; 
cards; 
; 
proc reliability; 
distribution Weibull; 
probplot TKN; 
run; 
quit; 
 
SAS Output 
 
1.4 gpm (TKN) Weibull Distribution Fit                                                 
The RELIABILITY Procedure 
                         Weibull Parameter Estimates 
                                                Asymptotic Normal 
                                              95% Confidence Limits 
          Parameter     Estimate     Std Err       Lower       Upper 
          Scale           7.5388      2.4249      4.0133     14.1612 
          Shape           1.9073      0.8490      0.7971      4.5638 
                    Other Weibull Distribution Parameters 
                    Parameter   Parameter Value 
                    Mean                 6.6889 
                    Mode                 5.1066 
                    Median               6.2208 
                         Weibull Percentile Estimates 
                                               Asymptotic Normal 
                                              95% Confidence Limits 
          Percentage    Estimate     Std Err       Lower       Upper 
                 0.1      0.2016      0.3523      0.0066      6.1918 
                 0.2      0.2900      0.4606      0.0129      6.5201 
                 0.5      0.4693      0.6469      0.0315      6.9946 
                   1      0.6759      0.8249      0.0618      7.3923 
                   2      0.9746      1.0365      0.1212      7.8351 
                   5      1.5885      1.3617      0.2960      8.5244 
                  10      2.3168      1.6277      0.5846      9.1815 
                  20      3.4337      1.8876      1.1691     10.0852 
                  30      4.3910      2.0299      1.7744     10.8658 
                  40      5.3009      2.1346      2.4076     11.6712 
                  50      6.2208      2.2377      3.0737     12.5904 
                  60      7.2011      2.3700      3.7779     13.7261 
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                  70      8.3094      2.5735      4.5285     15.2472 
                  80      9.6753      2.9288      5.3456     17.5118 
                  90     11.6738      3.6731      6.3007     21.6291 
                  95     13.4009      4.5111      6.9278     25.9223 
                  99     16.7897      6.5663      7.8009     36.1359 
                99.9     20.7667      9.4886      8.4808     50.8505 
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Weibull Distribution Fit for TKN of the 0.75 L/min (30 min/3hr) 
 
SAS Code 
 
dm "log;clear;out;clear"; 
data syn st; 
title1 '0.75 gpm (30 min/3hr)(TKN) Weibull Distribution Fit'; 
title2 'Jeremy Fontenot'; 
input TKN; 
cards; 
; 
proc reliability; 
distribution Weibull; 
probplot TKN; 
run; 
quit; 
 
SAS Output 
 
0.75 gpm (30 min/3hr)(TKN) Weibull Distribution Fit   
 
Weibull Parameter Estimates 
                                               Asymptotic Normal 
                                              95% Confidence Limits 
          Parameter     Estimate     Std Err       Lower       Upper 
          Scale           2.4952      0.6542      1.4926      4.1713 
          Shape           0.9262      0.1627      0.6564      1.3068 
                    Other Weibull Distribution Parameters 
                    Parameter   Parameter Value 
                    Mean                 2.5860 
                    Mode                 0.0000 
                    Median               1.6798 
                         Weibull Percentile Estimates 
                                                Asymptotic Normal 
                                              95% Confidence Limits 
          Percentage    Estimate     Std Err       Lower       Upper 
                 0.1      0.0014      0.0020      0.0001      0.0232 
                 0.2      0.0030      0.0039      0.0002      0.0380 
                 0.5      0.0082      0.0092      0.0009      0.0734 
                   1      0.0174      0.0172      0.0025      0.1209 
                   2      0.0369      0.0318      0.0068      0.2002 
                   5      0.1010      0.0702      0.0259      0.3943 
                  10      0.2197      0.1251      0.0720      0.6707 
                  20      0.4940      0.2201      0.2063      1.1831 
                  30      0.8198      0.3073      0.3932      1.7093 
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                  40      1.2082      0.3949      0.6366      2.2928 
                  50      1.6798      0.4912      0.9470      2.9796 
                  60      2.2705      0.6086      1.3426      3.8396 
                  70      3.0490      0.7709      1.8575      5.0046 
                  80      4.1712      1.0334      2.5667      6.7785 
                  90      6.1404      1.5844      3.7030     10.1821 
                  95      8.1582      2.2533      4.7478     14.0184 
                  99     12.9784      4.1626      6.9217     24.3349 
                99.9     20.1071      7.5266      9.6543     41.8770 
 
 
 
 
 
 
 
Weibull Distribution Fit for TKN of the Artificial Wastewater Study 
 
SAS Code 
 
dm "log;clear;out;clear"; 
data syn st; 
title1 'Artificial Wastewater Study (TKN) Weibull Distribution Fit'; 
title2 'Jeremy Fontenot'; 
input TKN; 
cards; 
; 
proc reliability; 
distribution Weibull; 
probplot TKN; 
run; 
quit; 
 
SAS Output 
 
Artificial Wastewater Study (TKN) Weibull Distribution Fit  
 
                      Weibull Parameter Estimates 
                                                Asymptotic Normal 
                                              95% Confidence Limits 
          Parameter     Estimate     Std Err       Lower       Upper 
          Scale           2.4427      0.6940      1.3998      4.2628 
          Shape           0.9061      0.1618      0.6384      1.2858 
                    Other Weibull Distribution Parameters 
                    Parameter   Parameter Value 
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                    Mean                 2.5609 
                    Mode                 0.0000 
                    Median               1.6300 
                         Weibull Percentile Estimates 
                                                Asymptotic Normal 
                                              95% Confidence Limits 
          Percentage    Estimate     Std Err       Lower       Upper 
                 0.1      0.0012      0.0018      0.0001      0.0218 
                 0.2      0.0026      0.0035      0.0002      0.0360 
                 0.5      0.0071      0.0083      0.0007      0.0701 
                   1      0.0152      0.0158      0.0020      0.1163 
                   2      0.0329      0.0298      0.0056      0.1940 
                   5      0.0921      0.0674      0.0220      0.3862 
                  10      0.2038      0.1226      0.0627      0.6627 
                  20      0.4666      0.2210      0.1844      1.1807 
                  30      0.7829      0.3138      0.3569      1.7176 
                  40      1.1639      0.4089      0.5846      2.3172 
                  50      1.6300      0.5146      0.8779      3.0264 
                  60      2.2180      0.6439      1.2556      3.9182 
                  70      2.9981      0.8215      1.7523      5.1297 
                  80      4.1303      1.1056      2.4441      6.9797 
                  90      6.1327      1.6957      3.5669     10.5441 
                  95      8.1995      2.4092      4.6098     14.5845 
                  99     13.1793      4.4510      6.7986     25.5485 
            99.9     20.6178      8.0744      9.5696     44.4213 
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Weibull Distribution Fit for TKN of the 15 min every hr 
SAS Code 
 
dm "log;clear;out;clear"; 
data syn st; 
title1 '0.75 gpm (15 min/hr)(TKN) Weibull Distribution Fit'; 
title2 'Jeremy Fontenot'; 
input TKN; 
cards; 
; 
proc reliability; 
distribution Weibull; 
probplot TKN; 
run; 
quit; 
 
SAS Output 
 
0.75 gpm (15 min/hr)(TKN) Weibull Distribution Fit                                    
 
                      Weibull Parameter Estimates 
                                                Asymptotic Normal 
                                              95% Confidence Limits 
          Parameter     Estimate     Std Err       Lower       Upper 
 
          Scale           2.6688      0.5749      1.7497      4.0708 
          Shape           1.1335      0.1800      0.8304      1.5472 
                    Other Weibull Distribution Parameters 
                    Parameter   Parameter Value 
                    Mean                 2.5509 
                    Mode                 0.4043 
                    Median               1.9315 
                         Weibull Percentile Estimates 
                                                Asymptotic Normal 
                                              95% Confidence Limits 
          Percentage    Estimate     Std Err       Lower       Upper 
                 0.1      0.0060      0.0064      0.0008      0.0482 
                 0.2      0.0111      0.0107      0.0017      0.0737 
                 0.5      0.0250      0.0210      0.0048      0.1296 
                   1      0.0461      0.0344      0.0107      0.1990 
                   2      0.0854      0.0557      0.0238      0.3067 
                   5      0.1942      0.1029      0.0687      0.5488 
                  10      0.3665      0.1607      0.1552      0.8656 
                  20      0.7106      0.2477      0.3588      1.4072 
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                  30      1.0748      0.3198      0.5998      1.9258 
                  40      1.4755      0.3880      0.8813      2.4703 
                  50      1.9315      0.4596      1.2116      3.0790 
                  60      2.4707      0.5433      1.6056      3.8019 
                  70      3.1437      0.6537      2.0914      4.7255 
                  80      4.0612      0.8225      2.7306      6.0401 
                  90      5.5703      1.1527      3.7131      8.3564 
                  95      7.0260      1.5290      4.5864     10.7633 
                  99     10.2674      2.5279      6.3371     16.6352 
                99.9     14.6830      4.1469      8.4414     25.5397 
Weibull Distribution Fit for TAN of the 0.5 g/min (30 min/3hr) 
 
SAS Code 
 
dm "log;clear;out;clear"; 
data syn st; 
title1 '0.5 gpm 30 min/3hr (TAN) Weibull Distribution Fit'; 
title2 'Jeremy Fontenot'; 
input TAN; 
cards; 
; 
proc reliability; 
distribution Weibull; 
probplot TAN; 
run; 
quit; 
 
SAS Output 
 
0.5 gpm 30 min/3hr (TAN) Weibull Distribution Fit                                     
 
                    Weibull Parameter Estimates 
                                                Asymptotic Normal 
                                              95% Confidence Limits 
          Parameter     Estimate     Std Err       Lower       Upper 
          Scale           1.4773      0.5510      0.7112      3.0687 
          Shape           0.9484      0.2375      0.5805      1.5493 
                    Other Weibull Distribution Parameters 
                    Parameter   Parameter Value 
                    Mean                 1.5132 
                    Mode                 0.0000 
                    Median               1.0038 
                         Weibull Percentile Estimates 
                                               Asymptotic Normal 
                                              95% Confidence Limits 
          Percentage    Estimate     Std Err       Lower       Upper 
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                 0.1      0.0010      0.0020      0.0000      0.0492 
                 0.2      0.0021      0.0038      0.0001      0.0718 
                 0.5      0.0056      0.0087      0.0003      0.1188 
                   1      0.0116      0.0160      0.0008      0.1745 
                   2      0.0241      0.0291      0.0023      0.2573 
                   5      0.0645      0.0628      0.0095      0.4355 
                  10      0.1377      0.1102      0.0287      0.6610 
                  20      0.3038      0.1909      0.0887      1.0410 
                  30      0.4982      0.2642      0.1762      1.4084 
                  40      0.7276      0.3372      0.2933      1.8047 
                  50      1.0038      0.4171      0.4446      2.2662 
                  60      1.3472      0.5137      0.6381      2.8446 
                  70      1.7968      0.6460      0.8880      3.6353 
                  80      2.4401      0.8577      1.2252      4.8595 
                  90      3.5598      1.2965      1.7434      7.2685 
                  95      4.6982      1.8242      2.1950     10.0561 
                  99      7.3934      3.3156      3.0698     17.8062 
                99.9     11.3377      5.9154      4.0777     31.5238 
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Weibull Distribution Fit for TAN of the 1.4 L/min (30 min/3hr) 
 
SAS Code 
 
dm "log;clear;out;clear"; 
data syn st; 
title1 '1.4 gpm (TAN) Weibull Distribution Fit'; 
title2 'Jeremy Fontenot'; 
input TKN; 
cards; 
; 
proc reliability; 
distribution Weibull; 
probplot TAN; 
run; 
quit; 
 
SAS Output 
 
1.4 gpm (TAN) Weibull Distribution Fit                                                 
 
                      Weibull Parameter Estimates 
                                                Asymptotic Normal 
                                              95% Confidence Limits 
          Parameter     Estimate     Std Err       Lower       Upper 
          Scale           3.5252      1.7307      1.3467      9.2274 
          Shape           1.2498      0.5557      0.5228      2.9876 
                    Other Weibull Distribution Parameters 
                    Parameter   Parameter Value 
                    Mean                 3.2834 
                    Mode                 0.9721 
                    Median               2.6292 
                         Weibull Percentile Estimates 
                                                Asymptotic Normal 
                                              95% Confidence Limits 
          Percentage    Estimate     Std Err       Lower       Upper 
                 0.1      0.0140      0.0374      0.0001      2.5975 
                 0.2      0.0244      0.0592      0.0002      2.8122 
                 0.5      0.0509      0.1070      0.0008      3.1327 
                   1      0.0889      0.1654      0.0023      3.4105 
                   2      0.1554      0.2519      0.0065      3.7292 
                   5      0.3274      0.4280      0.0253      4.2446 
                  10      0.5824      0.6240      0.0713      4.7567 
                  20      1.0616      0.8903      0.2052      5.4926 
                  30      1.5451      1.0898      0.3878      6.1565 
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                  40      2.0595      1.2656      0.6176      6.8679 
                  50      2.6292      1.4434      0.8964      7.7113 
                  60      3.2870      1.6512      1.2280      8.7982 
                  70      4.0896      1.9331      1.6193     10.3286 
                  80      5.1588      2.3831      2.0861     12.7574 
                  90      6.8706      3.2980      2.6817     17.6029 
                  95      8.4808      4.3543      3.1003     23.1989 
                  99     11.9634      7.1337      3.7178     38.4962 
                99.9     16.5480     11.5262      4.2253     64.8084 
 
Weibull Distribution Fit for TKN of the Artificial Wastewater Study 
 
SAS Code 
 
dm "log;clear;out;clear"; 
data syn st; 
title1 '0.75 gpm 30 min/3hr (TAN) Weibull Distribution Fit'; 
title2 'Jeremy Fontenot'; 
input TAN; 
cards; 
; 
proc reliability; 
distribution Weibull; 
probplot TAN; 
run; 
quit; 
 
SAS Output 
 
0.75 gpm 30 min/3hr (TAN) Weibull Distribution Fit                                     
 
                      Weibull Parameter Estimates 
                                                 Asymptotic Normal 
                                              95% Confidence Limits 
          Parameter     Estimate     Std Err       Lower       Upper 
          Scale           1.3817      0.3348      0.8593      2.2215 
          Shape           1.0513      0.2155      0.7035      1.5712 
                    Other Weibull Distribution Parameters 
                    Parameter   Parameter Value 
                    Mean                 1.3545 
                    Mode                 0.0782 
                    Median               0.9750 
                         Weibull Percentile Estimates 
                                                Asymptotic Normal 
                                              95% Confidence Limits 
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          Percentage    Estimate     Std Err       Lower       Upper 
                 0.1      0.0019      0.0028      0.0001      0.0325 
                 0.2      0.0037      0.0049      0.0003      0.0485 
                 0.5      0.0090      0.0101      0.0010      0.0822 
                   1      0.0174      0.0173      0.0025      0.1229 
                   2      0.0338      0.0293      0.0062      0.1844 
                   5      0.0819      0.0568      0.0211      0.3185 
                  10      0.1625      0.0914      0.0540      0.4892 
                  20      0.3317      0.1437      0.1420      0.7753 
                  30      0.5183      0.1861      0.2564      1.0475 
                  40      0.7293      0.2251      0.3983      1.3355 
                  50      0.9750      0.2660      0.5712      1.6641 
                  60      1.2714      0.3154      0.7819      2.0674 
                  70      1.6485      0.3854      1.0425      2.6067 
                  80      2.1726      0.5029      1.3803      3.4198 
                  90      3.0545      0.7548      1.8819      4.9575 
                  95      3.9232      1.0584      2.3121      6.6569 
                  99      5.9056      1.8977      3.1459     11.0862 
                  99.9      8.6847      3.3056      4.1188     18.3123 
 
 
Weibull Distribution Fit for TAN of the Artificial Wastewater Study 
 
SAS Code 
 
dm "log;clear;out;clear"; 
data syn st; 
title1 'Artificial Wastewater Study (TAN) Weibull Distribution Fit'; 
title2 'Jeremy Fontenot'; 
input TAN; 
cards; 
; 
proc reliability; 
distribution Weibull; 
probplot TAN; 
run; 
quit; 
 
SAS Output 
 
Artificial Wastewater Study (TAN) Weibull Distribution Fit                   
                         Weibull Parameter Estimates 
                                               Asymptotic Normal 
                                              95% Confidence Limits 
          Parameter     Estimate     Std Err       Lower       Upper 
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          Scale           1.3380      0.3423      0.8103      2.2092 
          Shape           0.7205      0.0956      0.5555      0.9345 
                    Other Weibull Distribution Parameters 
                    Parameter   Parameter Value 
                    Mean                 1.6490 
                    Mode                 0.0000 
                    Median               0.8045 
                         Weibull Percentile Estimates 
                                                Asymptotic Normal 
                                              95% Confidence Limits 
          Percentage    Estimate     Std Err       Lower       Upper 
                 0.1      0.0001      0.0001      0.0000      0.0014 
                 0.2      0.0002      0.0003      0.0000      0.0028 
                 0.5      0.0009      0.0009      0.0001      0.0072 
                   1      0.0023      0.0022      0.0003      0.0149 
                   2      0.0059      0.0050      0.0012      0.0308 
                   5      0.0217      0.0147      0.0058      0.0816 
                  10      0.0589      0.0326      0.0199      0.1745 
                  20      0.1669      0.0724      0.0713      0.3906 
                  30      0.3199      0.1169      0.1563      0.6547 
                  40      0.5267      0.1679      0.2820      0.9838 
                  50      0.8045      0.2295      0.4599      1.4073 
                  60      1.1851      0.3100      0.7097      1.9789 
                  70      1.7312      0.4271      1.0674      2.8077 
                  80      2.5900      0.6258      1.6129      4.1588 
                  90      4.2577      1.0702      2.6014      6.9685 
                  95      6.1347      1.6491      3.6223     10.3898 
                  99     11.1424      3.4738      6.0479     20.5282 
                99.9     19.5605      7.1120      9.5916     39.8904 
 
 
 
 
Weibull Distribution Fit for TKN of the 15 min every hr 
 
SAS Code 
 
dm "log;clear;out;clear"; 
data syn st; 
title1 '0.75 gpm 15 min/hr (TAN) Weibull Distribution Fit'; 
title2 'Jeremy Fontenot'; 
input TAN; 
cards; 
; 
proc reliability; 
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distribution Weibull; 
probplot TAN; 
run; 
quit; 
 
SAS Output 
 
0.75 gpm 15 min/hr (TAN) Weibull Distribution Fit                                      
                   Weibull Parameter Estimates 
                                                 Asymptotic Normal 
                                              95% Confidence Limits 
          Parameter     Estimate     Std Err       Lower       Upper 
          Scale           2.4577      0.5364      1.6023      3.7699 
          Shape           0.7874      0.0922      0.6260      0.9904 
                    Other Weibull Distribution Parameters 
                    Parameter   Parameter Value 
                    Mean                 2.8171 
                    Mode                 0.0000 
                    Median               1.5430 
                         Weibull Percentile Estimates 
                                                Asymptotic Normal 
                                              95% Confidence Limits 
          Percentage    Estimate     Std Err       Lower       Upper 
                 0.1      0.0004      0.0004      0.0000      0.0034 
                 0.2      0.0009      0.0009      0.0001      0.0067 
                 0.5      0.0029      0.0026      0.0005      0.0167 
                   1      0.0071      0.0056      0.0015      0.0331 
                   2      0.0173      0.0118      0.0045      0.0661 
                   5      0.0565      0.0313      0.0191      0.1672 
                  10      0.1410      0.0643      0.0577      0.3445 
                  20      0.3658      0.1316      0.1807      0.7404 
                  30      0.6636      0.2026      0.3648      1.2072 
                  40      1.0472      0.2810      0.6189      1.7718 
                  50      1.5430      0.3731      0.9606      2.4785 
                  60      2.1995      0.4903      1.4210      3.4044 
                  70      3.1112      0.6558      2.0583      4.7026 
                  80      4.4981      0.9268      3.0036      6.7360 
                  90      7.0888      1.5062      4.6743     10.7506 
                  95      9.9021      2.2304      6.3679     15.3979 
                  99     17.0964      4.4074     10.3149     28.3363 
                99.9     28.6123      8.5249     15.9566     51.3055 
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Weibull Distribution Fit for BOD of Artificial Wastewater Study 
 
SAS Code 
 
dm "log;clear;out;clear"; 
data syn st; 
title1 'Artificial Wastewater Study (CBOD) Weibull Distribution Fit'; 
title2 'Jeremy Fontenot'; 
input CBOD; 
cards; 
; 
proc reliability; 
distribution Weibull; 
probplot CBOD; 
run; 
quit; 
 
Artificial Wastewater Study (CBOD) Weibull Distribution Fit                            
 
                   Weibull Parameter Estimates 
                                                 Asymptotic Normal 
                                              95% Confidence Limits 
          Parameter     Estimate     Std Err       Lower       Upper 
          Scale          20.2960      2.9485     15.2669     26.9816 
          Shape           1.1620      0.1499      0.9025      1.4963 
                    Other Weibull Distribution Parameters 
                    Parameter   Parameter Value 
                    Mean                19.2580 
                    Mode                 3.7250 
                    Median              14.8058 
                         Weibull Percentile Estimates 
                                                Asymptotic Normal 
                                              95% Confidence Limits 
          Percentage    Estimate     Std Err       Lower       Upper 
                 0.1      0.0532      0.0439      0.0106      0.2677 
                 0.2      0.0966      0.0723      0.0223      0.4191 
                 0.5      0.2129      0.1381      0.0597      0.7591 
                   1      0.3874      0.2222      0.1259      1.1920 
                   2      0.7065      0.3522      0.2659      1.8771 
                   5      1.5752      0.6304      0.7190      3.4512 
                  10      2.9267      0.9550      1.5439      5.5480 
                  20      5.5825      1.4139      3.3982      9.1709 
                  30      8.3583      1.7677      5.5220     12.6513 
                  40     11.3858      2.0847      7.9526     16.3010 
                  50     14.8058      2.4103     10.7612     20.3706 
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                  60     18.8251      2.7980     14.0676     25.1914 
                  70     23.8114      3.3364     18.0932     31.3368 
                  80     30.5678      4.2174     23.3252     40.0592 
                  90     41.6022      6.0514     31.2825     55.3262 
                  95     52.1755      8.2055     38.3355     71.0120 
                  99     75.5385     13.9789     52.5591    108.5647 
                99.9    107.0790     23.3104     69.8882    164.0610 
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Weibull Distribution Fit for TP of Artificial Wastewater Study 
 
SAS Code 
 
dm "log;clear;out;clear"; 
data syn st; 
title1 'Artificial Wastewater Study (TP) Weibull Distribution Fit'; 
title2 'Jeremy Fontenot'; 
input TP; 
cards; 
; 
proc reliability; 
distribution Weibull; 
probplot TP; 
run; 
quit; 
 
SAS Output 
 
Artificial Wastewater Study (TP) Weibull Distribution Fit                              
The RELIABILITY Procedure 
                                  Weibull Parameter Estimates 
                                               Asymptotic Normal 
                                              95% Confidence Limits 
    Parameter     Estimate     Std Err       Lower       Upper 
 
     Scale           0.2409      0.0525      0.1571      0.3694 
     Shape           0.8609      0.1104      0.6696      1.1068 
                                 Weibull Percentile Estimates 
                                              Asymptotic Normal 
                                           95% Confidence Limits 
   Percentage    Estimate     Std Err       Lower       Upper 
          1      0.0012      0.0009      0.0002      0.0054 
          2      0.0026      0.0018      0.0007      0.0099 
          5      0.0076      0.0042      0.0026      0.0227 
         10      0.0176      0.0081      0.0072      0.0432 
         20      0.0422      0.0152      0.0208      0.0856 
         30      0.0727      0.0223      0.0399      0.1325 
         40      0.1104      0.0297      0.0652      0.1870 
         50      0.1574      0.0381      0.0979      0.2529 
         60      0.2176      0.0485      0.1406      0.3368 
         70      0.2989      0.0629      0.1979      0.4514 
         80      0.4187      0.0860      0.2800      0.6262 
         90      0.6347      0.1342      0.4193      0.9608 
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         95      0.8617      0.1931      0.5553      1.3370 
         99      1.4199      0.3643      0.8587      2.3478 
       99.9      2.2741      0.6748      1.2712      4.0682 
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Appendix D: Grand Bay Field Data
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Data Summary - Total Ammonia Nitrogen (TAN)
Note : Mean values (mg/L) are presented below; origin at point of injection (0,0,0)
Note: All flowrate studies are at an injection frequency of 30 min every 3 hrs unless otherwise noted
Sample ID Coordinates (ft)
x y z 6/21/01 8/7/01 8/14/01 8/22/01
Background 0.114 0.238
Influent UF
Influent 0.034 30.323 33.381 36.930
I5 0 8 7.5 10.97
J5 8 0 7.5 10.97
K5 0 -8 7.5 10.97
L5 -8 0 7.5 10.97
M5 6 6 7.5 11.32 0.114 0.742
N5 6 -6 7.5 11.32 0.626 4.261 4.970
O5 -6 -6 7.5 11.32 0.322 0.937
P5 -6 6 7.5 11.32 0.626 1.060
Q5 20 0 7.5 21.36
R5 16 16 7.5 23.84
S5 -16 -16 7.5 23.84
T5 0 -20 7.5 21.36
U5 -16 16 7.5 23.84
BG5 7.5 0.322
A7.5 0 4 5 6.40 0.713
B7.5 4 0 5 6.40 30.996
C7.5 0 -4 5 6.40 0.660 36.069
D7.5 -4 0 5 6.40 32.157
E7.5 2 2 5 5.74 0.660 0.724
F7.5 2 -2 5 5.74 6.227
G7.5 -2 -2 5 5.74 0.716 27.223
H7.5 -2 2 5 5.74 0.498 1.468
M7.5 6 6 5 9.85 0.716 0.960
N7.5 6 -6 5 9.85 0.498 4.809 3.920
O7.5 -6 -6 5 9.85 1.464
P7.5 -6 6 5 9.85 1.050
BG7.5 5
A10 0 4 2.5 4.72 0.573 51.927 42.480
B10 4 0 2.5 4.72 65.722
C10 0 -4 2.5 4.72 0.573 62.030 47.070
D10 -4 0 2.5 4.72 0.354 61.542
I10 0 8 2.5 8.38 0.605
J10 8 0 2.5 8.38 0.354 7.607 11.190
K10 0 -8 2.5 8.38 1.095
L10 -8 0 2.5 8.38 0.528 2.100
Q10 20 0 2.5 20.16
R10 16 16 2.5 22.77
S10 -16 -16 2.5 22.77
T10 0 -20 2.5 20.16
U10 -16 16 2.5 22.77
BG10 2.5
Vector 
Distance (ft)
0.5 gpm (1.9 L/min)
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Data Summary - Total Ammonia Nitrogen (TAN)
Sample ID
9/17/01 10/3/01 10/19/01 11/5/01 11/19/01 12/2/01 12/16/01 1/8/01 1/21/02
Background 0.079 0.015 0.028 0.015 0.056 0.064 0.051
Influent UF 134.030 172.200 148.092 171.626 169.000 141.204 118.240
Influent 64.580 69.450 107.340 169.900 150.962 169.330 170.000 134.890 115.370
I5 1.580 1.348
J5 2.486 0.160
K5 2.888 2.716
L5 2.341 0.092
M5 1.083 1.036
N5 7.110 3.245
O5 1.993
P5 1.584 1.761
Q5 0.500
R5 0.502
S5 0.122
T5 0.203 0.103
U5
BG5
A7.5 3.157 3.157
B7.5 16.650 7.175 22.090
C7.5 23.821 22.960
D7.5 3.731
E7.5 4.114
F7.5
G7.5
H7.5 4.546 3.825
M7.5 1.044 1.451 0.656
N7.5 9.037
O7.5 2.759 1.950
P7.5 1.397 1.654 1.808
BG7.5
A10 42.763 95.284
B10 40.180 13.202 99.302
C10 94.423 114.226
D10 43.340 89.540 53.960
I10 4.993 8.003 16.933
J10 16.143 40.040
K10 11.655 10.475
L10 11.539 31.570
Q10 0.280 0.486
R10 0.468
S10 0.102
T10 1.017 0.108
U10 1.850
BG10
0.75 gpm (2.8 L/min)1.45 gpm (5.5 L/min)
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Data Summary - Total Ammonia Nitrogen (TAN)
Sample ID
2/4/02 2/18/02 3/4/02 3/18/02 4/1/02 4/15/02 4/29/02 5/21/02 6/3/02 6/16/02
Background 0.026 0.060 0.000 0.074 0.287 0.164 0.028 0.171 0.000
Influent UF 10.332 89.100 125.000 252.000 135.000 169.000 135.000 85.800
Influent 9.184 76.700 114.000 233.000 189.000 131.000 167.000 122.000 124.000 83.200
I5 0.472 5.220 1.790 1.580
J5 2.490 2.150 3.240 1.810 2.300
K5 2.260 5.040 3.170
L5 2.350 2.270 17.200 6.760 2.480
M5 0.114 0.757 0.876 1.150 1.350
N5 7.710 10.900 24.400 4.560 3.270
O5 0.155 1.740 0.945 5.080 9.450 1.870 .
P5 2.350 3.190 2.790 1.450 1.440
Q5 0.992 0.084 0.224 2.760 1.010 1.770 1.000 0.316
R5 0.170 0.494 0.593 0.825 0.626 0.775
S5 0.153 0.028 0.183 0.475 0.705 0.384 0.190 0.392 0.016
T5 0.183 0.037 0.108 0.303 0.565 0.251 0.133 0.860
U5 0.318 0.329
BG5 0.000 2.350
A7.5 1.110 1.655 1.930 1.670
B7.5 30.200 33.400 32.900 8.760
C7.5 7.970 15.200 17.900 10.100
D7.5 3.830 6.520 30.500 65.300 3.440
E7.5 4.879 1.410 2.670 2.920 2.970
F7.5 13.300 13.700 7.120
G7.5 17.794 7.430 13.100 10.000 5.040
H7.5 4.060 1.850
M7.5 0.063 0.567 1.440 1.090 2.960
N7.5 21.700 20.200 27.300 5.530 5.110
O7.5 0.146 2.470 0.002 14.400 6.550
P7.5 1.580 2.280 2.240 1.600 0.316
BG7.5 1.890
A10 36.800 62.400 57.400 55.200
B10 152.000 57.200 80.400 45.300 24.400
C10 50.300 42.900 143.500 62.700
D10 124.000 98.500 7.500 27.700
I10 15.400 67.000 37.600 34.900 20.300
J10 62.900 34.000 62.400 56.200
K10 36.600 30.900 62.000 15.100
L10 76.700 35.700 45.500 8.940 25.800
Q10 5.180 4.530 25.500 26.000 21.900 20.700
R10 0.094 1.170 0.613
S10 0.032 0.220 0.217 0.233 0.321 0.470 0.136
T10 0.538 0.316 0.596 0.541 9.160 3.230
U10 1.100 1.740 2.690
BG10 2.400
Synthetic Wastewater Study 0.75 gpm (2.8 L/min) 0.75 gpm (2.8 L/min) (15 min/hr)
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Data Summary - Total Ammonia Nitrogen (TAN)
Sample ID
7/11/02 7/25/02 8/6/02 8/20/02 9/11/02 10/11/02 10/30/02 2/20/02
Background 0.000 0.085 0.005 0.097 0.394 0.171
Influent UF 87.500 85.600 83.100 11.600 13.300 8.320 46.600
Influent 85.500 81.100 81.500 10.900 12.500 44.200
I5 1.530 1.970 1.330 2.070 2.200 13.300 32.900 12.900
J5 2.610 3.030 2.070 3.290 3.720 1.710 2.250
K5 2.950 3.370 5.220 6.790 19.000 9.580
L5 0.735 1.600 18.900 7.310 18.100 34.200 33.200 8.050
M5 1.190 1.330 0.936 1.550 0.890 5.330
N5 2.490 2.920 32.500 12.600 16.450 61.600 46.100 8.330
O5 2.350 3.050 19.800 15.700 11.300 11.500 5.870
P5 1.550 1.770 1.880 2.410 2.380 0.283 6.450 2.860
Q5 1.130 1.900 1.630 0.000
R5 1.600 0.000
S5 0.436 0.536 0.505 0.000
T5 0.457 0.508 0.299 0.000
U5 0.575 0.932 0.598 0.000
BG5 5.080 1.780 2.430 1.710
A7.5 1.690 1.960 1.440 2.010 2.080 1.920 4.360
B7.5 4.440 4.290 14.900 24.500 53.500 75.200 18.200
C7.5 5.670 10.000 12.100 10.500 12.000 17.400 33.600
D7.5 3.680 3.080 20.700 67.600 30.400 51.600 57.800
E7.5 3.780 3.770 2.710 3.630 4.780 0.716 1.850
F7.5 7.060 7.390 6.810 6.760 7.220 4.680 11.600
G7.5 2.100 20.700 13.100 19.100 17.350 21.700 3.590 6.660
H7.5 2.130 1.970 1.700 2.100 2.260 0.828 28.700
M7.5 1.050 1.370 1.090 1.490 1.520 0.501 7.300
N7.5 3.440 9.540 46.000 24.400 43.700 66.100 48.300 9.870
O7.5 2.900 6.340 44.100 25.400 18.900 9.800 0.000
P7.5 1.620 2.580 1.390 3.020 0.338 2.660 2.460
BG7.5 1.560 1.990 1.630 0.535
A10 36.500 7.310 35.900
B10 42.600 11.200 64.000 30.800
C10 52.400 25.900 45.300 7.740
D10 26.600 52.100 24.700
I10 10.300 0.875 7.420 25.700
J10 51.100 59.500 8.400
K10 7.220 6.430 1.660
L10 24.400 8.880 14.200 6.720
Q10 1.250
R10
S10
T10
U10
BG10 0.000
Post-study Observations
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Data Summary - Total Kjeldahl Nitrogen (TKN)
Sample ID Coordinates (ft) Vector
x y z
Distance 
(ft) 6/21/01 7/2/01 7/10/01 8/1/01 8/7/01 8/14/01 8/22/01
Background 0.397 0.243 0.198 1.435
Influent UF 58.314 39.606
Influent 55.577 52.871 37.289 40.717 39.893
I5 0 8 7.5 10.97
J5 8 0 7.5 10.97
K5 0 -8 7.5 10.97
L5 -8 0 7.5 10.97
M5 6 6 7.5 11.32 1.435
N5 6 -6 7.5 11.32 0.934 1.086 4.034 5.150 5.453
O5 -6 -6 7.5 11.32 0.866 0.548 1.435
P5 -6 6 7.5 11.32 0.746 2.727
Q5 20 0 7.5 21.36
R5 16 16 7.5 23.84
S5 -16 -16 7.5 23.84
T5 0 -20 7.5 21.36
U5 -16 16 7.5 23.84
BG5 7.5
A7.5 0 4 5 6.40 0.602 0.773 1.801
B7.5 4 0 5 6.40 0.625 0.642 45.105
C7.5 0 -4 5 6.40 0.864 1.099 1.174 47.527
D7.5 -4 0 5 6.40 0.480 1.046 20.324
E7.5 2 2 5 5.74 0.812 1.111
F7.5 2 -2 5 5.74 1.217 1.936 7.332
G7.5 -2 -2 5 5.74 0.963 1.148 28.405
H7.5 -2 2 5 5.74 0.655 0.855 1.661
M7.5 6 6 5 9.85 0.861
N7.5 6 -6 5 9.85 1.056 2.540 5.323 5.884
O7.5 -6 -6 5 9.85 0.505 4.879
P7.5 -6 6 5 9.85 0.145 3.157
BG7.5 5
A10 0 4 2.5 4.72 0.641 0.663 7.182 80.591 46.494
B10 4 0 2.5 4.72 0.513 8.508 111.539
C10 0 -4 2.5 4.72 3.808 15.480 95.657 50.512
D10 -4 0 2.5 4.72 0.529 3.089 98.386
I10 0 8 2.5 8.38 1.148
J10 8 0 2.5 8.38 13.469 12.341
K10 0 -8 2.5 8.38 2.153
L10 -8 0 2.5 8.38 0.661 3.588
Q10 20 0 2.5 20.16
R10 16 16 2.5 22.77
S10 -16 -16 2.5 22.77
T10 0 -20 2.5 20.16
U10 -16 16 2.5 22.77
BG10 2.5
0.5 gpm (1.9 L/min)
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Data Summary - Total Kjeldahl Nitrogen (TKN)
Sample ID
9/17/01 10/3/01 10/19/01 11/5/01 11/19/01 12/2/01 12/16/01 1/8/02 1/21/02
Background 0.234 0.274 0.469 0.305 0.340 0.257
Influent UF 136.610 183.300 158.998 182.532 169.904 144.070 138.334
Influent 65.050 68.306 128.580 173.730 156.128 173.346 162.442 138.900 121.688
I5 2.053 3.188
J5 0.472 0.182
K5 2.856 4.897
L5 3.761 0.181
M5 4.700
N5 11.929 6.988
O5 4.530 12.019
P5 3.424 2.045
Q5 0.516 1.746
R5 1.249
S5 0.951
T5 0.487 0.321
U5 0.648
BG5
A7.5 4.592 3.157
B7.5 17.600 8.036 24.682
C7.5 27.552 25.543
D7.5 5.453
E7.5 7.119
F7.5 24.976
G7.5
H7.5 7.499 5.214
M7.5 2.090 2.109 8.207
N7.5 11.343
O7.5 4.838 14.019
P7.5 2.314 3.035 2.458
BG7.5
A10 47.642 102.172
B10 42.476 17.794 113.078
C10 107.912 123.410
D10 53.090 93.562 56.826
I10 5.826 7.736 10.476 19.940
J10 26.186 43.050
K10 14.485 12.340
L10 17.406 20.798 34.153
Q10 0.675
R10 2.707
S10 1.752
T10 1.988 0.152
U10 2.884
BG10
1.45 gpm (5.5 L/min) 0.75 gpm (2.8 L/min)
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Data Summary - Total Kjeldahl Nitrogen (TKN)
Sample ID
2/4/02 2/18/02 3/5/02 3/18/02 4/1/02 4/29/02 5/21/02 6/3/03 6/16/02
Background 0.188 0.390 0.264 0.356 0.444 0.686 1.050 0.168
Influent UF 11.480 210.000 271.500 222.000 253.500 132.600 172.500 102.600
Influent 10.906 195.000 246.900 213.000 238.500 126.000 160.500 94.500
I5 1.313 2.220
J5 3.150 2.400
K5 3.615 6.330
L5 2.790 3.120 3.705
M5 1.515 1.130 1.560 1.710
N5 13.845 3.480
O5 0.269 6.645 12.915 1.313
P5 3.345 2.115
Q5 0.458 1.635 1.383
R5 0.308 1.271
S5 0.381 0.906 0.746 0.497
T5 0.431 0.947 0.575
U5 0.590 0.786
BG5 2.475
A7.5 2.685 2.310 2.085
B7.5 30.709 39.450 14.220
C7.5 15.300 19.500 10.365
D7.5 6.601 7.215 99.300 4.635
E7.5 3.731 2.610 3.465
F7.5 16.350 11.490
G7.5 21.238 10.530
H7.5
M7.5 0.277 1.280 1.500 1.391
N7.5 29.400 24.300 5.865
O7.5 0.254 4.755 22.050 7.650
P7.5 3.360 2.955
BG7.5 2.220
A10 63.400 69.150 70.800
B10 106.190 63.900 70.350
C10 88.950 80.850
D10 101.024 69.000 73.350 11.985 32.250
I10 71.850 48.600
J10 36.750 48.000
K10 33.600 87.600
L10 63.750 43.950 30.000
Q10 6.435 32.250 31.350 42.150
R10 0.269 2.025 1.130
S10 0.220 0.716 0.540 2.055
T10 0.579 0.605 0.470
U10 2.130 3.990
BG10 2.610
0.75 gpm (2.8 L/min) (15 min/hr)Synthetic Study
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Data Summary - Total Kjeldahl Nitrogen (TKN)
Sample ID
7/11/02 7/252002 8/6/02 8/20/02 9/11/02 10/11/02 10/30/02 2/20/02
Background 1.395 0.342 0.897 6.120 2.490 3.198
Influent UF 92.400 106.950 98.550 85.500 19.980 64.200
Influent 90.000 100.800 92.850 69.450 19.260 16.860 14.400 61.800
I5 2.010 44.280 20.400
J5 2.685 3.150 11.820 5.238
K5 3.615 19.260 14.580
L5 1.268 1.620 39.180 41.760 13.920
M5 1.620 1.383 1.367 8.520
N5 3.120 2.715 33.150 67.200 69.000 13.620
O5 3.060 9.960
P5 2.025 13.320 7.800
Q5 2.115
R5 2.085
S5 0.744
T5 0.825
U5 1.815
BG5 4.128 6.540 4.866
A7.5 3.390 1.830 2.610 7.380 7.560
B7.5 6.315 49.740 14.700 82.800 32.820
C7.5 8.790 12.945 20.160 35.100
D7.5 5.910 21.300 67.200 17.940
E7.5 3.760 3.195 2.448 3.528
F7.5 10.020 7.575 6.060 13.680
G7.5 14.640 24.960 6.840 18.000
H7.5 4.980 2.040 2.718 33.000
M7.5 2.100 1.370 1.530 10.980
N7.5 4.140 10.730 47.550 93.900 53.460 12.300
O7.5 7.080
P7.5 2.940 1.695 4.686 7.560
BG7.5 4.224 5.484 2.688
A10 83.400 9.900 46.560 93.000
B10 94.800 57.660 75.000 38.940
C10 109.800 33.120 51.900 10.920
D10 28.140 57.360 32.940
I10 34.740 11.280 34.740
J10 97.200 96.000
K10 20.100 3.132
L10 58.800 17.460 12.240
Q10
R10
S10
T10
U10
BG10 4.092 6.180 2.442
Post-Study Observations
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Nitrite (NO2-N)
Sample ID Coordinates (ft) Vector
x y z
Distance 
(ft) 6/21/01 8/14/01 8/23/01 9/17/01 10/3/01
Background 0.250 0.001
Influent 0.054 0.303 0.013 0.021
I5 0 8 7.5 10.97
J5 8 0 7.5 10.97
K5 0 -8 7.5 10.97
L5 -8 0 7.5 10.97
M5 6 6 7.5 11.32 0.004 0.004 0.028
N5 6 -6 7.5 11.32 0.111 0.016
O5 -6 -6 7.5 11.32
P5 -6 6 7.5 11.32 0.007 0.021
Q5 20 0 7.5 21.36
R5 16 16 7.5 23.84
S5 -16 -16 7.5 23.84
T5 0 -20 7.5 21.36
U5 -16 16 7.5 23.84
BG5 7.5 0.022
A7.5 0 4 5 6.40
B7.5 4 0 5 6.40
C7.5 0 -4 5 6.40 0.022 0.011
D7.5 -4 0 5 6.40
E7.5 2 2 5 5.74 0.020 0.014 0.004
F7.5 2 -2 5 5.74 0.008 0.001
G7.5 -2 -2 5 5.74 0.039 0.076
H7.5 -2 2 5 5.74 0.003
M7.5 6 6 5 9.85 0.012 0.024 0.000 0.029 0.009
N7.5 6 -6 5 9.85 0.009 0.027
O7.5 -6 -6 5 9.85 0.028
P7.5 -6 6 5 9.85 0.023 0.022
BG7.5 5
A10 0 4 2.5 4.72
B10 4 0 2.5 4.72
C10 0 -4 2.5 4.72 0.000
D10 -4 0 2.5 4.72
I10 0 8 2.5 8.38
J10 8 0 2.5 8.38 0.013
K10 0 -8 2.5 8.38 0.003
L10 -8 0 2.5 8.38
Q10 20 0 2.5 20.16
R10 16 16 2.5 22.77
S10 -16 -16 2.5 22.77
T10 0 -20 2.5 20.16
U10 -16 16 2.5 22.77
BG10 2.5
0.5 gpm (1.9 L/min) 1.45 gpm (5.5 L/min)
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Nitrite (NO2-N)
Sample ID
11/5/01 11/19/01 12/2/01 12/16/01 1/8/02 1/21/02 2/4/02 2/18/02 3/5/02 3/18/02 4/1/02
Background 0.001 0.012 0.004 0.003 0.005 0.000 0.000 0.000 0.000
Influent 0.219 0.088 0.169 0.112 0.128 0.616 0.279 0.128 0.000 0.000 0.011
I5 0.022 0.000 0.002 0.000
J5 0.062 0.011 0.004 0.000
K5 0.041 0.001
L5 0.059 0.008 0.000
M5 0.012 0.006 0.000 0.001
N5
O5 0.031 0.001 0.000 0.025
P5 0.026 0.000 0.032
Q5 0.000 0.000 0.000 0.000 0.000
R5 0.024 0.001 0.000 0.002
S5 0.011 0.000 0.008 0.000 0.000
T5 0.000 0.000 0.000 0.000 0.000
U5 0.009 0.008 0.000
BG5
A7.5 0.029 -0.001 0.000 0.010
B7.5 0.043 0.000 0.116 0.004
C7.5 0.015 0.000 0.004 0.058
D7.5 0.031 0.006 0.000
E7.5 0.009 0.000 0.016
F7.5 0.048 0.003
G7.5 0.000 0.000 0.056
H7.5 0.027 0.000
M7.5 0.011 0.005 0.000 0.000
N7.5
O7.5 0.014 0.001
P7.5 0.024 0.000 0.000
BG7.5
A10 0.005 0.055 0.000
B10 0.049 0.025 0.000
C10 0.014 0.000 0.013
D10 0.102 0.003 0.005 0.000
I10 0.000
J10
K10 0.000 0.015
L10
Q10 0.010 0.000
R10 0.019 0.000
S10 0.001 0.000 0.000 0.000
T10 0.005 0.000 0.000
U10 0.031 0.000
BG10
0.75 gpm (2.8 L/min) Synthetic Wastewater Study
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Nitrite (NO2-N)
Sample ID
4/15/02 4/29/02 5/21/02 6/3/02 6/16/02 7/11/02 7/25/02 8/7/02 8/20/02 9/11/02 10/11/02 10/30/02
Background 0.001 0.005 0.001 0.000 0.001 0.000 0.011 0.001 0.030 0.000 0.004 0.000
Influent 0.040 0.008 0.000 0.000 0.028 0.001 0.020 0.026 0.014 0.001 0.054
I5 0.016 0.000 0.006 0.000 0.006 0.001 0.001 0.003 0.000
J5 0.000 0.000 0.016 0.008 0.000 0.000 0.001 0.005 0.008 0.000
K5 0.025 0.000
L5 0.013 0.000 0.000 0.000 0.000 0.019 0.000
M5 0.008 0.000 0.008 0.000 0.021 0.001 0.000 0.008 0.000
N5 0.010 0.001 0.000 0.000
O5 0.000 0.010 0.003 0.020 0.011
P5 0.001 0.053 0.013 0.008 0.010 0.001 0.003 0.001 0.011 0.000
Q5 0.000 0.000 0.140 0.000 0.000 0.000 0.012 0.000
R5 0.000 0.097 0.000 0.002
S5 0.000 0.000 0.038 0.000 0.000 0.000 0.001 0.002
T5 0.000 0.000 0.010 0.000 0.000 0.001 0.000
U5 0.000 0.000 0.000 0.004
BG5 0.005 0.016 0.009 0.000
A7.5 0.000 0.000 0.013 0.001 0.027 0.000 0.001 0.003 0.001
B7.5 0.000 0.003 0.011 0.000 0.000
C7.5 0.030 0.000 0.001 0.018 0.007 0.000 0.000 0.008 0.000
D7.5 0.061 0.000 0.003 0.000 0.000 0.005 0.002 0.003 0.003 0.000
E7.5 0.005 0.000 0.000 0.003 0.000 0.000 0.010 0.002 0.001
F7.5 0.000 0.153 0.000 0.018 0.004 0.000 0.003 0.005 0.000
G7.5 0.005 0.000 0.020 0.065 0.000 0.001 0.003 0.009 0.003
H7.5 0.006 0.026 0.000 0.004 0.003 0.002 0.007 0.010
M7.5 0.006 0.000 0.000 0.016 0.006 0.001 0.000 0.004 0.000
N7.5 0.037 0.025 0.026 0.000 0.000
O7.5 0.000 0.010 0.013 0.002 0.000
P7.5 0.000 0.073 0.000 0.011 0.010 0.002 0.002 0.001 0.004 0.000
BG7.5 0.026 0.011 0.012 0.000
A10 0.000 0.000 0.026 0.002 0.011
B10 0.000 0.000 0.036 0.030 0.010 0.027
C10 0.000 0.000 0.014 0.009 0.000
D10 0.000 0.083 0.000 0.005 0.018
I10 0.003
J10 0.000
K10 0.000
L10 0.005
Q10 0.152
R10
S10
T10
U10
BG10 0.000 0.012
0.75 gpm (2.8 L/min) (15 min/hr) Post-study Observations
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Nitrate (NO3-N)
Note: b.d. is below the detection limit of < 0.002 mg/L
Sample ID Coordinates (ft) Vector
x y z Distance (ft) 6/21/01 7/2/01 8/7/01
Background
Influent UF
Influent 0.028 0.029
I5 0 8 7.5 10.97
J5 8 0 7.5 10.97
K5 0 -8 7.5 10.97
L5 -8 0 7.5 10.97
M5 6 6 7.5 11.32
N5 6 -6 7.5 11.32 0.000
O5 -6 -6 7.5 11.32 0.002
P5 -6 6 7.5 11.32
Q5 20 0 7.5 21.36
R5 16 16 7.5 23.84
S5 -16 -16 7.5 23.84
T5 0 -20 7.5 21.36
U5 -16 16 7.5 23.84
BG5 7.5
A7.5 0 4 5 6.40
B7.5 4 0 5 6.40
C7.5 0 -4 5 6.40 0.010
D7.5 -4 0 5 6.40 0.016
E7.5 2 2 5 5.74
F7.5 2 -2 5 5.74
G7.5 -2 -2 5 5.74 0.003
H7.5 -2 2 5 5.74 -0.001
M7.5 6 6 5 9.85
N7.5 6 -6 5 9.85
O7.5 -6 -6 5 9.85
P7.5 -6 6 5 9.85
BG7.5 5
A10 0 4 2.5 4.72
B10 4 0 2.5 4.72
C10 0 -4 2.5 4.72 -0.003
D10 -4 0 2.5 4.72 -0.021 -0.005
I10 0 8 2.5 8.38
J10 8 0 2.5 8.38
K10 0 -8 2.5 8.38
L10 -8 0 2.5 8.38
Q10 20 0 2.5 20.16
R10 16 16 2.5 22.77
S10 -16 -16 2.5 22.77
T10 0 -20 2.5 20.16
U10 -16 16 2.5 22.77
BG10 2.5
0.5 gpm (1.9 L/min)
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Nitrate (NO3-N)
Sample ID
11/5/01 11/19/01 12/2/01 1/8/02 1/21/02 2/1/02 2/4/02
Background <.25 ppm 2.000 <5 b.d. b.d.
Influent UF <6.25 <6.25 <5
Influent <6.25 0.041 0.107 0.001 0.072 0.011 b.d.
I5 1.100 b.d.
J5 <.25
K5 2.100 b.d.
L5 <.25
M5 <5 b.d.
N5
O5 <5 b.d.
P5
Q5 <.25
R5 <5 b.d.
S5 <5
T5 1.800 b.d.
U5
BG5
A7.5 <.25
B7.5 1.200 b.d.
C7.5 <6.25
D7.5 0.800 b.d.
E7.5 b.d.
F7.5
G7.5 b.d.
H7.5
M7.5 <5 b.d.
N7.5
O7.5 <5 b.d.
P7.5
BG7.5
A10 <6.25
B10 6.500 b.d.
C10 <6.25
D10 <6.25 b.d.
I10 <.25
J10 <.25 b.d.
K10 0.800
L10 1.300 b.d.
Q10 <.25
R10 <5 b.d.
S10 <5
T10 2.000 b.d.
U10
BG10
0.75 gpm (2.8 L/min) Synthetic Wastewater Study
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Nitrate (NO3-N)
Sample ID
2/18/02 3/4/02 3/18/02 4/1/02 4/15/02 4/29/02 5/21/02
Background b.d. b.d. b.d. b.d. b.d. b.d. b.d.
Influent UF
Influent b.d. b.d. b.d. b.d. b.d. b.d.
I5 b.d. b.d. b.d. b.d. b.d.
J5 b.d. b.d.
K5 b.d. b.d. b.d. b.d.
L5 b.d. b.d.
M5 b.d. b.d. b.d.
N5 b.d. b.d. b.d. b.d.
O5 b.d. b.d. b.d.
P5 b.d. b.d. b.d. b.d. b.d.
Q5 b.d. b.d. b.d. b.d. b.d.
R5 b.d. b.d. b.d. b.d.
S5 b.d. b.d. b.d. b.d. b.d. b.d.
T5 b.d. b.d. b.d. b.d. b.d. b.d.
U5 b.d. b.d.
BG5
A7.5 b.d. b.d. b.d.
B7.5 b.d. b.d. b.d. b.d.
C7.5 b.d. b.d. b.d.
D7.5 b.d. b.d. b.d. b.d.
E7.5 b.d. b.d. b.d.
F7.5 b.d. b.d. b.d. b.d.
G7.5 b.d. b.d. b.d.
H7.5 b.d. b.d.
M7.5 b.d. b.d. b.d.
N7.5 b.d. b.d. b.d. b.d.
O7.5 b.d. b.d. b.d.
P7.5 b.d. b.d. b.d. b.d.
BG7.5
A10 b.d. b.d. b.d.
B10 b.d. b.d. b.d. b.d.
C10 b.d. b.d. b.d.
D10 b.d. b.d. b.d. b.d.
I10 b.d. b.d. b.d.
J10 b.d. b.d. b.d.
K10 b.d. b.d. b.d.
L10 b.d. b.d. b.d. b.d.
Q10 b.d. b.d. b.d. b.d. b.d. b.d.
R10 b.d. b.d. b.d.
S10 b.d. b.d. b.d. b.d. b.d. b.d.
T10 b.d. b.d. b.d. b.d. b.d. b.d.
U10 b.d. b.d. b.d.
BG10
Synthetic Wastewater Study 0.75 gpm (2.8 L/min) (15 min/hr)
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Nitrate (NO3-N)
Sample ID
6/3/02 6/16/02 7/11/02 7/25/02 8/6/02 8/20/02
Background b.d. b.d. b.d. b.d. b.d.
Influent UF
Influent b.d. b.d. b.d. b.d. b.d.
I5 b.d. b.d. b.d. b.d. b.d.
J5 b.d. b.d. b.d. b.d. b.d.
K5 b.d. b.d. b.d. b.d.
L5 b.d. b.d. b.d. b.d.
M5 b.d. b.d. b.d. b.d. b.d. b.d.
N5 b.d. b.d. b.d. b.d.
O5 b.d. b.d. b.d. b.d. b.d. b.d.
P5 b.d. b.d. b.d. b.d. b.d.
Q5 b.d. b.d. b.d. b.d. b.d.
R5 b.d. b.d.
S5 b.d. b.d. b.d. b.d.
T5 b.d. b.d. b.d. b.d.
U5 b.d. b.d. b.d.
BG5 b.d.
A7.5 b.d. b.d. b.d. b.d. b.d.
B7.5 b.d. b.d. b.d.
C7.5 b.d. b.d. b.d. b.d. b.d.
D7.5 b.d. b.d. b.d. b.d. b.d.
E7.5 b.d. b.d. b.d. b.d. b.d.
F7.5 b.d. b.d. b.d. b.d.
G7.5 b.d. b.d. b.d. b.d. b.d.
H7.5 b.d. b.d. b.d. b.d.
M7.5 b.d. b.d. b.d. b.d. b.d.
N7.5 b.d. b.d. b.d. b.d. b.d.
O7.5 b.d. b.d. b.d. b.d. b.d.
P7.5 b.d. b.d. b.d. b.d.
BG7.5 b.d. b.d.
A10 b.d.
B10 b.d.
C10 b.d.
D10 b.d.
I10 b.d.
J10 b.d.
K10 b.d.
L10 b.d.
Q10
R10
S10
T10
U10
BG10 b.d.
Post-study Observations0.75 gpm (2.8 L/min) (15 min/hr)
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Nitrate (NO3-N)
Sample ID
9/11/02 10/11/02 10/30/02 2/20/03
Background b.d. b.d. b.d. b.d.
Influent UF
Influent b.d. b.d. b.d. b.d.
I5 b.d. b.d. b.d.
J5 b.d. b.d. b.d.
K5 b.d. b.d. b.d.
L5 b.d. b.d. b.d. b.d.
M5 b.d. b.d. b.d.
N5 b.d. b.d. b.d. b.d.
O5 b.d. b.d. b.d.
P5 b.d. b.d. b.d. b.d.
Q5 b.d.
R5 b.d.
S5 b.d.
T5 b.d.
U5 b.d.
BG5 b.d. b.d. b.d.
A7.5 b.d. b.d. b.d.
B7.5 b.d. b.d. b.d. b.d.
C7.5 b.d. b.d. b.d.
D7.5 b.d. b.d. b.d.
E7.5 b.d. b.d. b.d.
F7.5 b.d. b.d. b.d.
G7.5 b.d. b.d. b.d. b.d.
H7.5 b.d. b.d. b.d.
M7.5 b.d. b.d. b.d.
N7.5 b.d. b.d. b.d. b.d.
O7.5 b.d. b.d. b.d.
P7.5 b.d. b.d. b.d. b.d.
BG7.5 b.d. b.d. b.d. b.d.
A10 b.d. b.d. b.d.
B10 b.d. b.d. b.d. b.d.
C10 b.d. b.d. b.d. b.d.
D10 b.d. b.d. b.d.
I10 b.d. b.d. b.d. b.d.
J10 b.d. b.d. b.d.
K10 b.d. b.d. b.d.
L10 b.d. b.d. b.d. b.d.
Q10 b.d.
R10
S10
T10
U10
BG10 b.d.
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CBOD5, Probe - YSI 5100
Well
ID Vector Dist.
Background 0 2.21 0.21 1.58 2.67 1.77
Unfilt. Influent 0 34.32 290.25 357.50
Filtered Influent 0 25.98 154.50 332.25 144.94 363.00
I5 10.97 16.89 12.96 29.35
J5 10.97 34.50 25.47
K5 10.97 28.05 35.88
L5 10.97 20.28 20.49
M5 11.32 10.99 21.22 24.29
N5 11.32 48.56 65.10
O5 11.32 43.05 40.50 51.48
P5 11.32 29.53 23.58
Q5 21.36 9.13 7.63 7.83 11.69 14.64
R5 23.84 27.15 27.03
S5 23.84 2.42 4.00 3.95 3.60
T5 21.36 2.00 4.00 4.00 2.00 3.00
U5 23.84 2.00 2.54 4.50
A7.5 6.4 52.70 43.83 50.43
B7.5 6.4 118.13 79.31
C7.5 6.4 73.40 62.25 69.33
D7.5 6.4 19.37 38.61
E7.5 5.74 29.46 41.78 42.36
F7.5 5.74 48.23 45.60
G7.5 5.74 70.05 64.05 68.10
H7.5 5.74 15.34
M7.5 9.85 10.78 18.00 24.55
N7.5 9.85 89.00 92.55
O7.5 9.85 31.20 31.52 116.30
P7.5 9.85 22.65 29.94
A10 4.72 180.00 94.88 45.40
B10 4.72 164.63 77.74
C10 4.72 78.18 81.94 53.25
D10 4.72 178.31 98.66
I10 8.38 39.03 88.62 78.28
J10 8.38 129.00 133.13
K10 8.38 121.60 108.90 76.89
L10 8.38 106.30 113.10
Q10 20.16 18.18 19.50 14.84 12.69 32.66
R10 22.77 14.19 18.62
S10 22.77 2.00 2.40 2.40 2.00 2.40
T10 20.16 2.34 2.40 2.40 2.00 2.90
U10 22.77 >50 51.30 59.62
2/18/02 3/5/02 3/18/02 4/1/022/4/02
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Data Summary - Total Phosphorus
*** Reported as P
Note : Mean values (mg/L) are presented below; origin at point of injection (0,0,0)
Sample ID
1/21/02 2/4/02 2/28/02 3/5/02 3/18/02 4/2/02
Background 0.075 0.043 0.048 0.009
Influent 12.253 2.297 23.129 18.578 27.555 6.882
Filt. Influent 1.982 19.746 17.58 19.589 6.155
I5 0.228 0.254
J5 0.655
K5 0.565
L5 0.390 0.055
M5 0.343 0.393 0.033
N5 2.036 0.034
O5 0.470 0.398 0.046
P5 0.502 0.083
Q5 0.039 0.042 0.032 0.754
R5 0.079 0.025
S5 0.045 0.051 0.073
T5 0.184 0.146 0.149 0.054
U5 0.110 0.060 0.118
BG5 0.106
A7.5 0.436 0.458 0.074
B7.5 4.128
C7.5 1.426 1.345
D7.5 0.869
E7.5 0.456 0.430
F7.5 1.154
G7.5 2.195 1.866
H7.5 0.717
M7.5 0.363 0.392
N7.5 3.317
O7.5 0.293 0.268
P7.5 0.468 0.137
BG7.5 0.101
A10 9.709 8.326 0.031
B10 3.642 0.020
C10 8.953 4.471
D10 4.549
I10 0.436 2.060
J10 7.764
K10 2.035 10.135
L10 5.847
Q10 0.039 0.035 0.059
R10 0.059
S10 0.027 0.017 0.035
T10 0.053 0.048 0.038
U10 0.039 0.040
BG10
 175
 
Data Summary - Ortho- Phosphate
***Reported as P
Note : Mean values (mg/L) are presented below; origin at point of injection (0,0,0)
Sample ID
1/26/02 2/4/02 2/28/02 3/5/02 3/18/02 4/2/02
Background 0 0.008 n/a n/a 0.024
Influent 1.323 20.404 16.005
Filt. Influent 1.299 19.067 14.380
I5 0.199 n/a 0.736
J5 n/a
K5 0.54 0.319
L5 n/a
M5 0.315 n/a 0.306
N5 1.802
O5 0.422 n/a 0.218
P5 n/a
Q5 0.018 n/a n/a 0.033
R5 n/a
S5 n/a n/a 0.036
T5 0.147 n/a n/a 0.123
U5 0.034 n/a 0.063
BG5
A7.5 0.374 n/a 0.239
B7.5 3.993
C7.5 1.239 1.126 1.271
D7.5 0.672
E7.5 0.332 n/a 0.278
F7.5 0.181
G7.5 0.982 1.744 1.296
H7.5 n/a
M7.5 0.32 n/a 0.325
N7.5 2.884
O7.5 0.248 n/a 0.941
P7.5 n/a
BG7.5
A10 9.42 8.541 5.857
B10 3.501
C10 8.253 3.943 6.357
D10 7.545
I10 0.4 1.838 3.504
J10
K10 2.075 8.582 3.440
L10 5.743
Q10 0.008 n/a n/a 0.011
R10 n/a
S10 0.008 n/a n/a 0.014
T10 0.008 n/a n/a 0.018
U10 0.022 n/a 0.114
BG10
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Appendix E: Grand Bay Field Site Data (Salinity, pH, Dissolved Oxygen, 
Temperature, and Redox Potential) 
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MUS Salinity Data (ppt) - Grand Bay
Note:  Coordinates of injection point are (x,y,z) = (0,0,0).
Note:  All flowrate studies are at an injection frequency of 30 min every 3 hours unless otherwise noted. 
Well Coordinates Background 
ID 3/31/01 4/20/01 5/16/01 5/23/01
15:00 12:50 10:30 12:00
Background -- -- -- 17.1 7.3 15 12 17 19
I5 0 8 7.5 23.0 6.2
J5 8 0 7.5 24.5 4.5
K5 0 -8 7.5 25.0 5.0
L5 -8 0 7.5 23.9 3.9
M5 6 6 7.5 26.2 3.2 33 25 26 28
N5 6 -6 7.5 19.4 6.2 19 17 24 25
O5 -6 -6 7.5 23.7 5.2 27 24 30 30
P5 -6 6 7.5 26.1 2.6 30 25 26 27
Q5 20 0 7.5 28.3 3.2
R5 16 16 7.5 29.3 3.4
S5 -16 -16 7.5 25.0 5.1
T5 0 -20 7.5 28.5 4.0
U5 -16 16 7.5 27.6 2.9
A7.5 0 4 5 25.8 2.7 29 29 23 26
B7.5 4 0 5 18.3 7.1 15 24 26 26
C7.5 0 -4 5 18.9 6.5 27 28 25 29
D7.5 -4 0 5 20.3 6.1 11 21 26 35
E7.5 2 2 5 25.8 3.8 17 30 24 14
F7.5 2 -2 5 22.9 2.9 17 18 24 22
G7.5 -2 -2 5 19.9 5.7 27 30 25 28
H7.5 -2 2 5 25.1 3.1 25 30 26 26
M7.5 6 6 5 26.0 3.1 32 33 30 30
N7.5 6 -6 5 18.8 6.7 20 20 19 28
O7.5 -6 -6 5 22.4 6.8 10 16 26 30
P7.5 -6 6 5 26.6 2.8 25 30 25 22
A10 0 4 2.5 7.4 4.2 8 9 13 13
B10 4 0 2.5 10.3 9.6 14 29 30 25
C10 0 -4 2.5 8.1 9.2 21 27 23 27
D10 -4 0 2.5 11.0 7.9 8 9 19 15
I10 0 8 2.5 11.9 5.3 10 16 22 20
J10 8 0 2.5 10.6 6.9 10 4 24 26
K10 0 -8 2.5 14.4 5.3 10 13 16 15
L10 -8 0 2.5 12.6 4.6 11 18 20 15
Q10 20 0 2.5 16.1 4.4
R10 16 16 2.5 26.6 4.5
S10 -16 -16 2.5 7.5 3.2
T10 0 -20 2.5 12.8 6.2
U10 -16 16 2.5 20.4 3.4
Std. Dev.x y z Mean
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MUS Salinity Data (ppt) - Grand Bay
Well Background 0.5 gpm (1.9 L/min)
ID 6/3/01 6/5/01 6/11/01 6/15/01 6/21/01 7/2/01 7/9/01 8/1/01
11:30 13:45 13:00 10:15 13:00 12:30 10:00 13:30
Background 25 22 15 10 12 14 13 12
I5
J5
K5
L5
M5 30 29 -- 28 25 16 27 25
N5 24 -- -- 26 22 21 16 15
O5 30 31 -- 30 24 25 26 20
P5 27 -- -- 29 25 25 29 26
Q5
R5
S5
T5
U5
A7.5 26 30 -- 25 30 25 25 20
B7.5 26 -- -- 25 25 22 21 10
C7.5 27 -- -- 27 24 25 25 5
D7.5 27 -- -- 27 26 26 23 20
E7.5 24 28 -- 25 27 25 20 24
F7.5 25 -- -- 25 26 25 26 21
G7.5 30 -- -- 25 24 25 22 5
H7.5 25 -- -- 20 24 25 26 23
M7.5 23 -- -- 27 26 20 22 25
N7.5 29 -- -- 30 22 24 21 16
O7.5 29 -- -- 26 25 25 26 17
P7.5 26 -- -- 30 25 25 28 25
A10 15 14 -- 10 15 7 10 0
B10 27 26 -- 26 22 5 5 5
C10 27 -- -- 30 25 13 8 7
D10 30 -- -- 30 20 7 5 7
I10 20 -- -- 15 20 17 15 6
J10 20 -- -- 21 16 20 12 6
K10 17 -- -- 15 13 14 15 15
L10 17 -- -- 15 11 15 13 12
Q10
R10
S10
T10
U10  
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MUS Salinity Data (ppt) - Grand Bay
Well 0.5 gpm (1.9 L/min) 1.45 gpm (5.5 L/min)
ID 8/7/01 8/14/01 8/23/01 9/5/01 9/17/01 10/3/01 10/18/01 11/5/01
9:00 11:00 12:00 10:00 10:00 10:00 8:30 9:00
Background 17 6 12 2 -- 22.0 26 29
I5 15 20.0 31 26
J5 17 15.0 27 26
K5 14 20.0 31 28
L5 15 20 26 26
M5 24 22 28 27 22 25 30 28
N5 10 10 14 13 15 15 23 27
O5 15 14 16 20 20 26 29 28
P5 25 25 23 21 23 25 30 28
Q5 23 25 36 28
R5 25 26 37 32
S5 16 22 32 31
T5 25 27 36 30
U5 25 24 34 30
A7.5 24 25 30 27 21 25 29 27
B7.5 5 6 15 7 15 15 20 27
C7.5 7 5 11 15 10 20 21 19
D7.5 10 17 15 16 17 19 13 19
E7.5 24 26 29 26 20 24 28 27
F7.5 21 21 20 25 20 23 28 24
G7.5 15 10 15 17 15 19 22 22
H7.5 20 21 29 25 20 21 27 26
M7.5 25 25 25 28 21 25 31 28
N7.5 10 5 17 7 14 20 24 25
O7.5 13 12 16 17 16 25 27 27
P7.5 26 26 28 28 23 22 31 28
A10 4 6 10 8 4 9 4 6
B10 4 7 7 17 2 7 2 5
C10 5 5 5 11 7 6 2 2
D10 6 7 10 18 4 5 2 3
I10 6 10 15 10 5 6 14 15
J10 5 10 10 5 4 14 8 27
K10 14 15 18 15 12 14 8 6
L10 11 10 15 18 5 14 8 15
Q10 16 17 19 20
R10 23 25 34 32
S10 6 15 8 10
T10 10 20 9 24
U10 17 15 24 17  
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MUS Salinity Data (ppt) - Grand Bay
Well 0.75 gpm (2.8 L/min)
ID 11/19/01 12/3/01 12/16/01 1/8/02 1/21/02 2/4/02 2/18/02 3/5/02
8:00 9:00 10:00 9:00 11:15 11:30 9:30 9:30
Background 32 30 25 10 22 20 20 14
I5 29 20 26 25 30 28 26 5
J5 24 26 27 27 34 26 24 --
K5 31 32 28 27 27 27 26 25
L5 23 29 27 25 25 26 26 23
M5 27 25 27 27 32 27 26 25
N5 29 30 27 25 -- 22 23 20
O5 29 30 28 28 30 28 25 22
P5 29 30 28 27 31 28 25 27
Q5 30 31 28 27 32 29 27 30
R5 31 26 28 28 32 29 27 33
S5 31 28 28 27 24 27 26 26
T5 31 31 28 27 33 27 26 30
U5 31 30 27 27 25 27 25 27
A7.5 28 30 27 26 27 26 24 20
B7.5 26 27 27 23 28 24 15 15
C7.5 22 22 20 19 25 22 20 20
D7.5 21 29 26 22 -- 26 25 23
E7.5 30 31 28 27 31 26 23 21
F7.5 22 21 22 21 27 24 23 20
G7.5 28 19 20 24 25 24 22 17
H7.5 30 30 27 27 32 27 25 26
M7.5 27 29 27 27 30 28 26 30
N7.5 28 30 21 22 -- 23 15 20
O7.5 28 29 27 27 33 26 24 30
P7.5 30 31 28 27 32 28 26 25
A10 7 7 6 6 12 6 5 2
B10 27 18 -- 17 14 2 1 16
C10 7 13 8 5 15 2 1 1
D10 6 20 16 19 23 2 1 10
I10 15 13 10 10 12 9 6 26
J10 9 10 7 11 20 7 5 3
K10 20 23 24 23 25 15 8 2
L10 18 18 16 10 12 6 7 14
Q10 23 20 16 15 16 16 14 15
R10 30 32 27 28 30 27 21 30
S10 13 8 8 6 3 6 5 7
T10 24 19 16 10 11 13 8 10
U10 23 15 22 21 -- 22 21 17  
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MUS Salinity Data (ppt) - Moss Point
Note:  Coordinates of injection point are (x,y,z) = (0,0,0).
Well 0.75 gpm (2.8 L/min)(15 min/hr)
ID 3/18/02 4/2/02 4/15/02 4/29/02 5/22/02 6/3/02 6/17/02
8:40 8:20 8:00 8:00 10:00 9:30 8:30
Background 17 10 6 17 23 15 20
I5 26 20 21 23 22 22 22
J5 26 26 21 20 25 26
K5 23 25 15 22 25 27
L5 27 23 15 25 25 26
M5 30 28 24 30 28 26
N5 20 21 3 18 22 22 22
O5 26 22 11 22 25 27 25
P5 25 24 25 20 25 26 25
Q5 27 27 23 30 28 30 25
R5 30 33 27 26 27 24 38
S5 26 24 12 21 26 29 22
T5 28 30 17 30 29 30 25
U5 26 30 25 30 26 25 23
A7.5 25 28 25 27 25 25 25
B7.5 11 15 9 20 24 26 22
C7.5 22 22 19 21 25 26 23
D7.5 25 20 10 12 23 26 22
E7.5 25 27 24 27 25 28 25
F7.5 20 18 20 27 25 30 26
G7.5 15 25 20 20 22 28
H7.5 25 -- 25 24 23 25
M7.5 25 22 26 26 26 26 26
N7.5 14 15 6 20 20 21 25
O7.5 20 10 9 22 25 38
P7.5 27 22 23 22 26 26 25
A10 6 8 4 10 20 15 15
B10 10 1 5 16 15 20 18
C10 0 6 5 6 17 18 16
D10 14 11 7 15 19 26 20
I10 13 10 6 10 15 15
J10 10 7 3 11 15 7 12
K10 15 16 7 8 16 16
L10 9 14 3 15 24 20 20
Q10 8 13 6 20 22 20 20
R10 20 25 17 25 26 26 22
S10 7 5 3 10 10 11 6
T10 5 10 2 14 15 15 26
U10 23 20 21 25 25 24
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MUS Salinity Data (ppt) - Moss Point
Note:  Coordinates of injection point are (x,y,z) = (0,0,0).
Well Post Study Observations
ID 7/25/02 8/6/02 8/20/02 9/11/02 10/9/02 2/19/03
9:45 10:00 9:00 10:00 10:00 9:00
Background 15 10 14 4 15 21
I5 24 29 25 25 15 15
J5 21 27 20 23 20 20
K5 26 17 23 21 13
L5 21 11 20 13 8 15
M5 24 30 26 21 23 20
N5 20 10 16 12 10 19
O5 21 15 15 15 14 10
P5 20 25 26 25 22 19
Q5 24 31 25 20 21
R5 27 27 22 19
S5 25 15 20 20 20
T5 25 27 24 25 23
U5 24 31 23 23 21
A7.5 21 25 25 25 21 20
B7.5 23 15 10 6 13
C7.5 17 18 20 20 16 19
D7.5 23 12 10 10 9 11
E7.5 22 25 24 21 21 15
F7.5 21 20 21 21 20 15
G7.5 18 20 15 17 14 20
H7.5 21 24 24 23 20 18
M7.5 24 30 24 25 20 15
N7.5 20 10 15 10 9 8
O7.5 23 10 14 5 7 6
P7.5 24 27 25 25 22 17
A10 10 14 10 9 17 6
B10 16 11 6 5 15 10
C10 13 18 9 5 15 6
D10 10 10 10 14 12
I10 16 15 14 15 21 13
J10 10 10 5 6 6 5
K10 17 10 10 7 6
L10 20 10 10 13 15 13
Q10 16 15 21 22 20
R10 24 24 19 18
S10 6 6 6 7 9
T10 11 21 11 10 8
U10 22 29 23 25 23
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MUS pH Data - Grand Bay
Note:  Coordinates of injection point are (x,y,z) = (0,0,0).
Note:  All flowrate studies are at an injection frequency of 30 min every 3 hours unless otherwise noted. 
Well Coordinates Background
ID 5/16/01 5/23/01 6/3/01 6/15/01
10:30 12:00 11:30 11:00
Background -- -- -- 7.46 0.40 7.61 7.80 7.86 6.82
Influent -- -- -- 7.80 0.53 -- -- -- 7.72
I5 0 8 7.5 6.49 0.14
J5 8 0 7.5 6.61 0.09
K5 0 -8 7.5 6.72 0.22
L5 -8 0 7.5 6.51 0.13
M5 6 6 7.5 6.42 0.14 6.32 6.30 6.36 6.32
N5 6 -6 7.5 6.70 0.22 6.51 6.45 6.53 6.53
O5 -6 -6 7.5 6.46 0.25 6.30 6.26 6.16 6.13
P5 -6 6 7.5 6.38 0.24 6.16 5.99 6.09 6.08
Q5 20 0 7.5 6.41 0.20
R5 16 16 7.5 6.53 0.15
S5 -16 -16 7.5 6.40 0.12
T5 0 -20 7.5 6.26 0.13
U5 -16 16 7.5 6.40 0.15
A7.5 0 4 5 6.38 0.24 6.02 6.19 6.06 6.12
B7.5 4 0 5 6.64 0.28 6.36 6.32 6.20 6.28
C7.5 0 -4 5 6.63 0.23 6.40 6.30 6.30 6.35
D7.5 -4 0 5 6.83 0.38 6.99 6.87 6.18 6.15
E7.5 2 2 5 6.62 0.19 6.59 6.61 6.47 6.33
F7.5 2 -2 5 6.74 0.21 6.54 6.94 6.65 6.50
G7.5 -2 -2 5 6.66 0.25 6.37 6.32 6.29 6.35
H7.5 -2 2 5 6.65 0.32 6.22 6.21 6.37 6.33
M7.5 6 6 5 6.40 0.16 6.29 6.31 6.39 6.27
N7.5 6 -6 5 6.71 0.30 6.36 6.41 6.40 6.45
O7.5 -6 -6 5 6.50 0.31 6.29 6.30 6.15 6.16
P7.5 -6 6 5 6.38 0.21 6.12 6.50 6.10 6.10
A10 0 4 2.5 6.98 0.46 6.02 7.39 6.12 6.11
B10 4 0 2.5 6.99 0.44 6.39 6.32 6.27 6.31
C10 0 -4 2.5 7.11 0.43 6.41 6.37 6.37 6.34
D10 -4 0 2.5 6.97 0.49 6.14 6.18 5.97 6.07
I10 0 8 2.5 6.76 0.40 6.26 6.29 6.25 6.26
J10 8 0 2.5 6.80 0.41 6.37 6.34 6.21 6.17
K10 0 -8 2.5 6.70 0.46 6.27 6.49 6.17 6.47
L10 -8 0 2.5 6.78 0.42 6.20 6.24 6.16 6.31
Q10 20 0 2.5 6.58 0.34
R10 16 16 2.5 6.49 0.16
S10 -16 -16 2.5 6.16 0.17
T10 0 -20 2.5 6.30 0.13
U10 -16 16 2.5 6.64 0.13
x y z Mean Std. Dev.
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MUS pH Data - Grand Bay
Well 0.5 gpm (1.9 L/min) 1.45 gpm (5.5 L/min)
ID 6/21/01 7/2/01 7/9/01 8/14/01 8/23/01 9/5/01 10/3/01 10/18/01
1:30 12:30 10:00 11:00 12:00 9:00 10:00 8:30
Background 7.63 7.30 7.44 6.66 7.03 6.57 7.70 7.51
Influent 7.69 7.53 7.21 7.88 8.19 8.12
I5 6.44 6.44
J5 6.49 6.62
K5 6.40 6.64
L5 6.51 6.55
M5 6.29 6.22 6.20 6.11 6.25 6.38 6.45 6.49
N5 6.45 6.46 6.43 6.52 6.39 6.89 6.83 6.67
O5 6.23 6.09 6.11 6.19 6.13 6.33 6.46 6.58
P5 6.14 6.02 6.12 6.18 6.12 6.86 6.25 6.45
Q5 6.23 6.31
R5 6.39 6.48
S5 6.36 6.53
T5 6.05 6.10
U5 6.32 6.42
A7.5 6.12 6.11 6.12 6.04 6.28 6.33 6.41 6.47
B7.5 6.32 6.21 6.44 6.86 6.75 6.82 6.78 6.86
C7.5 6.40 6.29 6.32 6.93 6.79 6.80 6.58 6.69
D7.5 6.19 6.12 6.42 7.07 6.73 6.86 7.09 7.22
E7.5 6.31 6.60 6.76 6.17 6.45 6.60 6.64 6.82
F7.5 6.52 6.38 6.47 6.49 6.77 6.49 6.81 6.81
G7.5 6.43 6.26 6.26 6.69 6.66 6.82 6.63 6.69
H7.5 6.40 6.21 6.39 6.43 6.57 6.80 6.84 6.78
M7.5 6.21 6.13 6.15 6.09 6.33 6.37 6.47 6.48
N7.5 6.42 6.35 6.43 6.39 6.52 6.90 6.77 6.58
O7.5 6.20 6.06 6.09 6.21 6.19 6.40 6.41 6.52
P7.5 6.16 6.09 6.25 6.15 6.24 6.28 6.13 6.48
A10 6.00 6.70 6.96 7.12 7.17 7.33 7.20 7.24
B10 6.28 7.07 7.34 7.09 7.38 6.74 7.66 7.69
C10 6.40 6.71 6.96 7.18 7.20 7.34 7.40 7.63
D10 6.32 7.10 7.58 7.25 7.11 6.70 7.44 7.71
I10 6.20 6.14 6.14 6.85 6.79 7.01 6.72 6.90
J10 6.26 6.12 6.13 6.81 7.21 6.88 6.93 7.05
K10 6.27 6.10 6.16 5.92 5.97 6.32 6.93 7.04
L10 6.38 6.15 6.21 6.54 6.93 6.94 6.97 7.17
Q10 6.29 6.41
R10 6.32 6.50
S10 6.16 6.32
T10 6.17 6.31
U10 6.63 6.67  
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MUS pH Data - Grand Bay
Well 0.75 gpm (2.8 L/min)
ID 11/5/01 11/19/01 12/3/01 12/16/01 1/8/02 1/21/02 2/4/02 2/18/02
9:00 8:00 9:00 10:00 9:00 11:15 11:30 10:00
Background 7.51 7.45 7.22 7.16 7.69 7.87 8.22 8.18
Influent 8.62 7.91 7.74 9.19 8.24 8.23 7.80
I5 6.40 6.32 6.55 6.41 6.67 6.43 6.38 6.75
J5 6.53 6.69 6.59 6.54 6.73 6.52 6.60 6.81
K5 6.63 6.50 6.56 6.59 7.19 6.81 6.63 6.95
L5 6.35 6.45 6.36 6.44 6.59 6.55 6.42 6.54
M5 6.40 6.58 6.63 6.50 6.62 6.54 6.42 6.58
N5 6.55 6.52 6.61 6.66 6.91 6.80 6.87 6.85
O5 6.42 6.78 6.44 6.53 6.70 6.65 6.52 6.67
P5 6.48 6.45 6.41 6.43 6.67 6.53 6.47 6.59
Q5 6.24 6.30 6.29 6.38 6.47 6.50 6.29 6.96
R5 6.25 6.52 6.40 6.56 6.74 6.63 6.49 6.69
S5 6.27 6.46 6.35 6.46 6.50 6.40 6.35 6.23
T5 6.17 6.22 6.24 6.31 6.44 6.41 6.27 6.25
U5 6.05 6.38 6.40 6.41 6.57 6.47 6.36 6.46
A7.5 6.44 6.44 6.38 6.95 6.61 6.60 6.49 6.65
B7.5 6.55 6.61 6.64 6.64 6.33 6.71 6.66 7.12
C7.5 6.57 6.60 6.70 6.80 6.90 6.49 6.65 6.84
D7.5 6.92 7.52 7.02 7.00 7.25 6.52 6.74
E7.5 6.70 6.55 6.46 6.68 6.67 6.94 6.60 6.78
F7.5 6.58 6.74 6.82 6.88 7.00 6.69 6.72 7.08
G7.5 6.51 6.69 6.97 6.79 6.96 6.91 6.82 6.86
H7.5 6.48 6.93 6.55 6.72 7.03 6.76 6.69 7.28
M7.5 6.39 6.44 6.39 6.55 6.67 6.51 6.38 6.61
N7.5 6.64 6.46 6.62 6.80 7.11 6.81 6.75 7.11
O7.5 6.37 6.42 6.43 6.56 6.69 6.61 6.58 6.70
P7.5 6.40 6.36 6.36 6.54 6.63 6.52 6.43 6.69
A10 7.03 6.98 7.18 7.35 7.50 7.30 7.43 7.41
B10 7.28 6.59 7.06 7.19 7.32 7.65 7.28
C10 7.48 7.27 7.22 7.40 7.73 7.30 7.62 7.38
D10 7.37 7.37 6.87 7.02 7.13 7.17 7.57 6.98
I10 6.62 6.58 6.58 6.72 6.88 7.05 6.96 7.45
J10 6.74 7.00 6.80 7.10 6.73 6.80 7.21 7.71
K10 7.07 6.61 6.64 6.66 6.80 6.75 6.98 7.44
L10 6.67 6.62 6.63 6.76 7.08 7.14 7.21 7.42
Q10 6.10 6.26 6.20 6.28 6.40 6.44 6.48 6.75
R10 6.22 6.52 6.52 6.57 6.67 6.60 6.50 6.52
S10 6.00 6.07 5.97 6.16 6.23 6.18 6.15 5.84
T10 6.21 6.25 6.21 6.32 6.45 6.26 6.19 6.12
U10 6.54 6.60 6.64 6.60 6.82 6.61 6.63  
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MUS pH Data - Grand Bay
Well 0.75 gpm (2.8 L/min) (15 min / hr)
ID 3/5/02 3/18/02 4/2/02 4/15/02 4/29/02 5/22/02
10:00 10:30 10:00 9:00 9:00 10:00
Background 7.30 7.64 7.35 7.39 7.38 7.55
Influent 7.37 7.23 7.14 7.49 7.03 7.75
I5 6.76 6.39 6.59 6.42 6.40 6.52
J5 6.63 6.72 6.51 6.57 6.63
K5 7.19 6.61 6.62 6.79 6.67 6.78
L5 6.83 6.44 6.52 6.75 6.34 6.53
M5 6.68 6.40 6.54 6.47 6.39 6.47
N5 7.16 6.84 6.92 7.11 6.99 6.80
O5 6.85 6.47 6.69 6.99 6.63 6.71
P5 6.78 6.44 6.59 6.54 6.40 6.51
Q5 6.73 6.24 6.42 6.57 6.32 6.37
R5 6.88 6.51 6.57 6.58 6.38 6.44
S5 6.66 6.21 6.49 6.39 6.28 6.43
T5 6.58 6.18 6.32 6.24 6.18 6.27
U5 6.74 6.28 6.34 6.36 6.34 6.57
A7.5 6.84 6.43 6.54 6.48 6.37 6.48
B7.5 6.98 6.71 7.05 7.18 6.72 6.62
C7.5 7.10 6.62 6.86 6.90 6.65 6.55
D7.5 7.21 6.66 7.09 7.08 7.04 6.74
E7.5 6.95 6.60 6.91 6.70 6.61 6.65
F7.5 7.04 6.64 6.84 7.11 6.72 7.04
G7.5 7.22 6.65 6.82 6.82 6.60 6.76
H7.5 7.38 6.53 6.93 6.52 7.01
M7.5 6.78 6.46 6.49 6.42 6.37 6.56
N7.5 7.28 6.97 7.23 7.24 6.68 6.76
O7.5 6.96 6.88 7.18 7.18 6.64 6.70
P7.5 6.86 6.44 6.58 6.57 6.43 6.54
A10 7.36 7.04 7.30 6.50 6.91 6.89
B10 6.97 6.98 7.10 7.10 6.86 6.89
C10 7.64 7.20 7.32 7.02 7.08 7.00
D10 7.02 7.22 7.10 6.97 6.98
I10 7.49 7.17 7.24 7.24 6.98 6.92
J10 7.23 7.19 7.20 6.82 6.98 6.75
K10 7.57 6.96 7.08 7.21 7.13 7.19
L10 7.37 7.21 7.16 7.31 6.89 6.51
Q10 6.96 6.84 7.00 7.26 6.78 6.78
R10 6.89 6.35 6.44 6.44 6.33 6.46
S10 6.50 6.38 6.18 6.30 5.94 6.24
T10 6.58 6.28 6.56 6.23 6.36 6.31
U10 6.92 6.61 6.50 6.53 6.48 6.85  
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MUS pH Data - Moss Point
Note:  Coordinates of injection point are (x,y,z) = (0,0,0).
Well Post Study Observations
ID 7/11/02 7/25/02 8/6/02 8/20/02 9/11/02 10/9/02 10/30/02 2/19/03
9:45 9:30 10:00 9:00 11:30 11:00 11:15 9:00
Background 7.70 6.92 6.22 7.36 7.11 8.10 7.05
Influent 7.40 7.66 7.35 7.76 8.05 8.33 7.80
I5 6.31 6.41 6.33 6.46 6.51 6.74 6.87 6.62
J5 6.34 6.55 6.48 6.51 6.70 6.63 6.75
K5 6.41 6.44 6.50 6.63 6.55 6.89 6.68
L5 6.20 6.32 6.62 6.50 6.83 6.99 6.95 6.51
M5 6.28 6.31 6.36 6.41 6.54 6.61 6.56 6.75
N5 6.50 6.48 6.77 6.72 6.63 6.59 6.75 6.48
O5 6.36 6.39 6.56 6.67 6.56 6.59 6.50 6.60
P5 6.31 6.39 6.29 6.48 6.53 6.53 6.58 6.66
Q5 6.20 6.37 6.35 6.38 6.50 6.53
R5 6.35 6.64 6.56 6.60 6.54
S5 6.32 6.14 6.42 6.59 6.53 6.59
T5 6.59 6.31 6.28 6.25 6.30 6.32
U5 6.47 6.33 6.45 6.50 6.40 6.45
A7.5 6.30 6.41 6.36 6.48 6.46 6.95 6.68 6.31
B7.5 6.45 6.52 6.77 6.97 7.37 7.56 6.28
C7.5 6.26 6.47 6.49 6.58 6.60 6.86 6.82 6.46
D7.5 6.47 6.68 6.85 7.47 7.18 7.51 7.87 6.88
E7.5 6.31 6.63 6.48 6.67 6.61 6.88 6.67 6.88
F7.5 6.54 6.61 6.52 6.63 6.58 6.94 6.77 7.38
G7.5 6.45 6.73 6.59 6.80 6.72 6.92 6.77 6.28
H7.5 6.32 6.69 6.41 6.62 6.67 6.68 6.71 6.80
M7.5 6.10 6.37 6.42 6.44 6.51 6.71 6.61 6.88
N7.5 6.70 6.71 6.88 6.82 6.85 6.80 6.90 6.50
O7.5 6.35 6.42 6.79 6.75 6.37 6.55 6.62
P7.5 6.38 6.40 6.34 6.43 6.52 6.87 6.66 6.21
A10 7.14 6.97 7.22 7.29 7.25 7.37 7.08
B10 7.20 7.08 7.48 7.43 7.27 7.58 6.33
C10 7.16 6.91 7.30 7.11 7.26 7.33 6.24
D10 7.17 7.08 7.08 7.21 7.53 6.27
I10 6.80 6.50 6.71 6.76 7.06 7.30 6.52
J10 6.93 6.94 6.76 7.00 7.17 7.39 7.01
K10 6.89 6.67 6.70 6.45 6.51 6.77
L10 6.55 6.73 6.94 6.74 7.20 7.05 6.26
Q10 6.73 6.70 6.64 6.40 6.44
R10 6.54 6.64 6.65 6.63
S10 6.11 6.24 6.65 6.59 6.61
T10 6.32 6.23 6.51 6.70 6.72
U10 6.75 6.69 6.65 6.75 6.72
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MUS Dissolved Oxygen Data (mg/L) - Grand Bay
Note:  Coordinates of injection point are (x,y,z) = (0,0,0)
Note:  All flowrate studies are at an injection frequency of 30 min every 3 hours unless otherwise noted. 
Well Coordinates Background
ID 5/16/01 5/23/01 6/3/01 6/11/01
10:30 12:00 11:30 13:00
Background -- -- -- 6.81 2.00 -- 8.84 9.04 7.85
Influent -- -- -- 1.24 2.27 -- -- -- --
I5 0 8 7.5 1.30 0.80
J5 8 0 7.5 1.05 0.26
K5 0 -8 7.5 2.45 2.05
L5 -8 0 7.5 1.18 0.51
M5 6 6 7.5 1.02 0.53 0.42 0.49 0.31 --
N5 6 -6 7.5 0.83 0.45 0.31 0.57 0.31 --
O5 -6 -6 7.5 1.14 1.00 0.33 0.66 0.30 --
P5 -6 6 7.5 0.86 0.33 0.64 0.52 0.32 --
Q5 20 0 7.5 1.48 0.74
R5 16 16 7.5 1.26 0.56
S5 -16 -16 7.5 1.12 0.60
T5 0 -20 7.5 0.99 0.32
U5 -16 16 7.5 1.07 0.53
A7.5 0 4 5 0.89 0.39 0.61 0.59 0.54 --
B7.5 4 0 5 1.12 0.68 0.42 0.73 0.37 --
C7.5 0 -4 5 0.90 0.45 0.28 0.62 0.28 --
D7.5 -4 0 5 1.95 2.01 6.00 0.68 0.30 --
E7.5 2 2 5 1.81 1.42 4.55 1.02 1.42 --
F7.5 2 -2 5 1.51 1.56 0.38 0.78 0.28 --
G7.5 -2 -2 5 1.34 1.35 0.31 0.58 0.33 --
H7.5 -2 2 5 2.25 2.35 0.57 0.59 0.42 --
M7.5 6 6 5 0.92 0.58 0.30 0.51 0.29 --
N7.5 6 -6 5 0.80 0.27 0.57 0.57 0.36 --
O7.5 -6 -6 5 1.01 0.45 0.71 0.54 0.27 --
P7.5 -6 6 5 0.98 0.35 0.82 0.80 0.33 --
A10 0 4 2.5 1.08 0.73 0.75 0.60 0.61 --
B10 4 0 2.5 1.16 0.66 0.44 0.39 0.30 --
C10 0 -4 2.5 0.82 0.31 0.38 0.70 0.36 --
D10 -4 0 2.5 0.97 0.85 0.58 0.85 0.31 --
I10 0 8 2.5 0.86 0.32 0.58 0.51 0.34 --
J10 8 0 2.5 0.92 0.33 0.42 0.70 0.28 --
K10 0 -8 2.5 0.87 0.30 0.53 0.77 0.28 --
L10 -8 0 2.5 0.91 0.33 0.85 0.70 0.32 --
Q10 20 0 2.5
R10 16 16 2.5
S10 -16 -16 2.5
T10 0 -20 2.5
U10 -16 16 2.5
x y z Mean Std. Dev.
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MUS Dissolved Oxygen Data (mg/L) - Grand Bay
Well 0.5 gpm (1.9 L/min)
ID 6/15/01 6/21/01 7/2/01 7/9/01 8/14/01 8/23/01 9/5/01 10/18/01
11:00 1:30 12:30 10:00 11:00 12:00 9:00 8:30
Background 5.64 6.05 5.98 4.74 6.53 4.13 5.53
Influent 0.23 0.29 0.40 1.36 0.17
I5 0.60
J5 0.79
K5 1.91
L5 0.51
M5 0.89 0.89 0.76 0.70 0.87 1.07 1.23 0.56
N5 0.46 0.69 0.71 0.59 0.55 0.74 0.48 0.48
O5 0.65 0.90 0.87 0.78 1.26 0.71 1.11 0.94
P5 0.61 0.86 0.81 0.70 0.61 0.95 1.19 0.40
Q5 0.97
R5 0.39
S5 0.42
T5 0.38
U5 0.26
A7.5 0.55 0.55 0.63 0.63 1.33 1.04 0.96 0.68
B7.5 0.75 0.91 0.67 0.68 0.81 0.69 0.92 1.83
C7.5 0.67 0.72 0.81 0.61 0.76 0.77 0.59 0.47
D7.5 0.79 0.98 0.77 0.68 0.81 1.22 0.94 0.51
E7.5 0.51 0.80 0.92 0.76 1.10 2.02
F7.5 0.63 0.95 1.02 0.64 1.39 0.77 3.15 0.78
G7.5 0.61 1.03 0.74 0.76 0.71 0.66 1.73 0.46
H7.5 0.97 0.82 0.85 0.64 5.82 0.83 5.05 0.39
M7.5 0.62 0.80 0.82 0.64 0.74 0.95 1.32 0.49
N7.5 0.73 0.88 0.75 0.81 0.60 0.41 0.60 0.51
O7.5 0.77 0.97 0.65 0.92 0.87 0.83 1.11 0.55
P7.5 0.83 1.17 0.83 0.65 0.84 0.80 1.30 0.58
A10 1.15 1.70 0.89 0.56 0.87 0.87 1.79 0.99
B10 1.73 0.75 1.20 1.62 3.36 1.70 1.23 1.36
C10 0.44 1.11 0.98 0.75 0.79 0.79 0.59 0.42
D10 0.70 1.06 0.80 0.92 0.84 0.75 0.87 0.58
I10 0.79 0.91 0.71 0.93 0.59 0.80 1.43 0.48
J10 0.60 0.91 0.82 1.05 1.22 0.98 1.00 0.64
K10 0.72 1.00 0.89 0.97 0.62 0.85 1.01 0.62
L10 0.84 0.95 0.99 0.80 0.60 0.62 1.03 0.76
Q10 1.03
R10 0.51
S10 0.93
T10 0.66
U10 0.36  
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MUS Dissolved Oxygen Data (mg/L) - Grand Bay
Well 0.75 gpm (2.8 L/min)
ID 11/5/01 11/19/01 12/3/01 12/16/01 1/8/02 1/21/02 2/4/02 3/5/02
9:00 8:00 9:00 10:00 9:00 11:15 11:30 10:00
Background 7.06 8.77 7.94 5.86 9.93 9.79 8.45 1.53
Influent 0.52 0.97 0.59 1.46 0.26 1.20 9.88
I5 0.92 0.75 3.05 1.10 2.97 0.76 1.86 1.53
J5 1.07 0.98 1.26 0.70 1.22 0.81 1.30
K5 3.43 0.57 1.48 2.07 6.80 2.95 6.22
L5 0.73 1.38 0.79 1.20 0.96 2.13 1.15 1.44
M5 0.64 2.90 0.93 0.73 1.14 1.18 1.55 1.42
N5 0.87 0.54 0.74 0.56 1.03 1.28 1.59 1.00
O5 0.63 5.53 0.72 0.86 1.42 0.79 1.34 0.77
P5 1.06 0.47 0.81 0.69 1.43 0.88 1.58 1.13
Q5 1.52 0.97 0.92 0.88 1.45 1.35 1.42 2.45
R5 0.63 1.23 1.09 0.86 1.31 1.66 1.99 1.20
S5 0.70 0.17 1.79 0.82 2.14 1.31 1.98 1.69
T5 0.93 0.98 1.06 0.86 1.14 1.53 1.58 0.90
U5 0.61 0.41 1.08 0.95 2.18 1.19 1.52 1.21
A7.5 0.85 0.95 1.07 0.62 1.26 0.70 1.19 2.33
B7.5 1.51 3.66 1.51 1.41 1.24 1.75 1.24
C7.5 0.68 0.61 0.76 0.76 1.11 0.99 1.83 1.42
D7.5 0.79 5.62 7.61 0.99 0.98 1.05 1.50
E7.5 4.73 2.88 1.48 0.75 1.25 1.26 1.85
F7.5 0.79 0.29 1.29 2.05 0.87 0.87 1.05 1.66
G7.5 0.68 2.74 0.49 2.01 1.50 1.85 1.80
H7.5 1.28 6.76 1.07 0.58 6.36 3.59
M7.5 0.87 0.41 0.59 0.77 1.40 0.90 2.22 1.92
N7.5 0.74 0.76 0.63 1.00 1.38 0.79 1.33 0.93
O7.5 0.79 0.62 0.63 0.78 1.55 1.77 1.36 2.12
P7.5 0.89 0.49 0.76 1.00 1.27 1.10 1.36 1.51
A10 1.40 0.81 4.01 0.32 1.33 0.55 1.26 0.68
B10 1.53 1.08 1.79 0.83 0.69 1.74 1.11
C10 1.10 0.32 0.89 0.72 0.98 0.71 1.06 0.90
D10 0.78 0.55 0.64 0.57 4.59 0.85 1.67 1.07
I10 1.20 0.66 0.61 0.63 1.03 0.90 1.68 1.11
J10 1.30 0.27 1.17 1.48 1.46 0.96 0.98 1.40
K10 0.58 0.72 0.66 0.82 0.85 1.10 1.17 0.67
L10 0.68 0.97 0.80 0.66 1.01 0.95 1.73 0.92
Q10 0.62 1.09 1.15 1.02 2.19 0.92 1.43 1.01
R10 0.80 0.93 0.83 0.84 1.22 1.91 1.61 1.70
S10 0.95 0.40 0.87 1.02 1.54 0.90 2.01 1.78
T10 0.62 0.90 1.23 1.06 1.59 0.70 1.49 0.90
U10 0.53 0.88 0.97 0.74 1.18 2.01 0.73  
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MUS Dissolved Oxygen Data (mg/L) - Moss Point
Note:  Coordinates of injection point are (x,y,z) = (0,0,0)
Well 0.75 gpm (2.8 L/min) 15 min/hr Post-Study
ID 3/18/02 4/2/02 4/15/02 4/29/02 5/22/02 6/3/02 6/17/02 7/11/02 2/19/03
10:30 10:00 9:00 9:00 10:00 9:30 10:00 9:45 9:00
Background 8.48 6.14 5.52 5.46 7.40 5.29 5.60 7.92 14.86
Influent 0.61 1.51 0.69 0.40 0.50 1.50 0.76 1.20 1.80
I5 1.12 0.74 1.05 0.74 0.95 0.69 1.00 0.87
J5 1.58 0.87 1.20 1.12 0.78 1.07 6.70 0.60
K5 3.09 0.66 0.93 0.53 1.23 0.61 0.74
L5 2.30 0.88 0.87 1.21 0.91 0.96 0.64
M5 1.70 0.89 0.97 1.10 1.06 1.14 1.48
N5 1.96 0.95 0.81 1.94 0.73 1.11 0.94
O5 1.26 1.79 1.00 1.38 1.35 1.31 1.11
P5 1.50 1.06 0.84 0.79 0.89 0.82 0.87 0.70
Q5 1.50 1.27 3.65 1.21 1.13 0.64 1.17 0.95
R5 2.55 0.77 1.32 1.08 1.60 0.85 0.80 0.95
S5 0.96 1.11 1.13 0.55 0.95 0.60 1.05
T5 0.83 1.26 0.70 1.05 0.68 1.19 0.90 1.15
U5 1.12 0.82 0.87 1.90 0.83 0.71 0.89
A7.5 0.58 0.85 1.05 0.87 0.95 1.05 0.95 0.68
B7.5 0.95 0.94 0.97 1.05 0.73 0.79 1.65
C7.5 0.69 1.24 1.78 1.53 1.71 0.66 0.94
D7.5 4.28 2.69 1.36 1.20 3.18 1.58 1.05
E7.5 1.40 5.50 1.88 0.75 1.10 1.92 0.69
F7.5 1.59 0.84 6.27 1.86 6.00 0.66 1.21
G7.5 1.47 1.01 6.82 1.02 1.45 0.70 0.92
H7.5 0.97 1.36 6.10 0.67
M7.5 2.42 0.17 0.91 0.94 1.02 0.83 1.89
N7.5 0.79 1.00 0.94 1.30 0.87 0.91 2.04
O7.5 1.19 1.19 0.97 1.31 1.69 0.75 0.68
P7.5 1.95 1.07 0.93 1.33 0.95 1.02 0.85 0.71
A10 0.71 1.28 1.18 0.59 1.09 1.20 0.86
B10 0.73 0.79 0.75 0.76 0.81 0.69
C10 1.34 1.40 0.80 0.86 1.39 0.58
D10 0.29 0.71 0.75 1.89 0.69 0.81 0.82
I10 1.39 0.74 0.90 0.77 1.04 0.83
J10 0.82 0.78 0.94 0.85 0.93 0.75
K10 1.53 1.52 0.98 1.24 0.88 1.03
L10 1.63 0.92 0.65 0.91 1.61 1.31
Q10 1.44 1.20 0.94 1.25 1.29 0.81 0.84
R10 1.29 0.91 0.85 1.09 1.23 0.68 0.87
S10 0.77 1.62 1.50 1.14 5.68 1.36 1.17
T10 0.82 1.29 0.86 1.38 1.47 0.82 0.94
U10 1.47 1.25 0.85 1.27 0.84 0.80
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MUS Temperature Data (oC) - Grand Bay
Note:  Coordinates of injection point are (x,y,z) = (0,0,0)
Note:  All flowrate studies are at an injection frequency of 30 min every 3 hours unless otherwise noted. 
Well Coordinates Background
ID 5/16/01 5/23/01 6/3/01 6/11/01
10:30 12:00 11:30 13:00
Background -- -- -- 24.1 6.8 30.7 27.7 33.1 26.0
Influent -- -- -- 21.6 5.6 -- -- -- --
I5 0 8 7.5
J5 8 0 7.5
K5 0 -8 7.5
L5 -8 0 7.5
M5 6 6 7.5 21.3 3.4 22.1 22.4 22.3 --
N5 6 -6 7.5 21.9 3.4 23.2 23.1 22.9 --
O5 -6 -6 7.5 21.3 3.1 22.2 21.5 22.1 --
P5 -6 6 7.5 21.2 3.1 22.1 22.3 21.8 --
Q5 20 0 7.5
R5 16 16 7.5
S5 -16 -16 7.5
T5 0 -20 7.5
U5 -16 16 7.5
A7.5 0 4 5 21.4 3.1 22.8 22.7 24.5 --
B7.5 4 0 5 21.3 3.0 21.7 21.5 22.0 --
C7.5 0 -4 5 21.6 3.1 23.3 22.7 21.9 --
D7.5 -4 0 5 21.7 3.0 23.8 22.1 22.1 --
E7.5 2 2 5 21.8 3.4 22.8 22.7 23.0 --
F7.5 2 -2 5 21.5 3.3 22.7 22.0 22.1 --
G7.5 -2 -2 5 21.6 3.0 22.1 21.6 21.9 --
H7.5 -2 2 5 21.5 3.4 22.2 21.6 22.1 --
M7.5 6 6 5 21.3 2.9 21.8 21.3 21.5 --
N7.5 6 -6 5 21.6 3.0 22.1 22.4 22.2 --
O7.5 -6 -6 5 21.4 2.8 21.8 21.0 21.9 --
P7.5 -6 6 5 21.1 2.7 21.3 21.4 21.8 --
A10 0 4 2.5 21.2 2.5 21.5 21.9 22.1 --
B10 4 0 2.5 21.3 2.9 21.3 21.8 21.5 --
C10 0 -4 2.5 21.4 2.6 22.4 21.1 21.3 --
D10 -4 0 2.5 21.2 2.7 22.2 20.9 21.3 --
I10 0 8 2.5 21.2 2.5 21.9 21.5 20.9 --
J10 8 0 2.5 21.5 2.4 21.5 21.0 21.3 --
K10 0 -8 2.5 21.5 2.4 22.2 20.9 21.0 --
L10 -8 0 2.5 21.2 2.3 21.9 20.8 20.9 --
Q10 20 0 2.5
R10 16 16 2.5
S10 -16 -16 2.5
T10 0 -20 2.5
U10 -16 16 2.5
x y z Mean Std. Dev.
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MUS Temperature Data (oC) - Grand Bay
Well 0.5 gpm (1.9 L/min)
ID 6/15/01 6/21/01 7/2/01 7/9/01 8/14/01 8/23/01 9/5/01 10/3/01
11:00 1:30 12:30 10:00 11:00 12:00 9:00 10:00
Background 23.8 32.3 24.4 34.2 30.4 32.7 29.6 26.3
Influent 27.7 -- 27.0 26.6 27.6 21.3
I5 24.7
J5 24.7
K5 24.8
L5 24.3
M5 24.1 25.2 24.2 25.1 25.2 25.5 25.6 24.3
N5 24.2 25.1 24.6 25.7 25.2 26.3 27.2 24.7
O5 23.6 23.1 23.9 25.2 24.9 25.2 26.0 24.3
P5 24.0 22.9 23.9 24.9 25.4 25.1 26.2 24.4
Q5 24.0
R5 24.1
S5 23.8
T5 24.0
U5 24.4
A7.5 23.8 24.2 23.8 25.0 25.2 25.0 25.7 24.5
B7.5 23.3 24.0 23.7 24.6 25.6 24.9 25.8 24.7
C7.5 23.6 23.4 23.5 25.0 25.5 25.7 25.9 24.8
D7.5 24.0 22.8 23.3 24.6 25.0 25.5 26.2 24.2
E7.5 25.8 25.6 24.3 26.2 25.8 25.9 26.4 24.6
F7.5 24.0 25.5 23.8 25.2 25.5 25.9 25.5 25.0
G7.5 23.7 23.2 23.8 24.8 25.4 25.5 26.6 24.6
H7.5 23.9 23.0 24.8 26.2 26.0 25.8 26.3 24.5
M7.5 23.3 24.6 23.6 25.2 24.8 24.7 25.4 24.3
N7.5 23.4 24.5 23.6 25.2 24.6 25.3 26.9 25.0
O7.5 22.8 22.2 23.1 24.5 24.8 25.8 26.3 24.6
P7.5 23.2 22.3 23.1 24.5 24.8 24.6 25.7 23.8
A10 22.9 24.7 22.8 23.7 24.1 24.1 24.4 24.0
B10 23.0 24.4 23.2 24.7 26.0 24.6 24.8 24.5
C10 22.8 23.4 22.9 24.3 24.8 24.5 25.1 24.0
D10 22.7 22.4 22.8 24.5 24.2 24.5 24.6 23.9
I10 22.7 23.8 22.3 23.6 24.7 23.9 25.2 24.6
J10 22.8 23.8 23.0 24.2 24.8 24.6 25.3 23.9
K10 23.2 23.3 23.1 24.2 24.9 24.5 24.9 24.1
L10 22.5 21.8 23.0 23.9 24.5 24.2 24.5 23.6
Q10 24.7
R10 24.4
S10 23.6
T10 24.1
U10 23.9  
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MUS Temperature Data (oC) - Grand Bay
Well 0.75 gpm (2.8 L/min)
ID 10/18/01 11/5/01 11/19/01 12/3/01 12/16/01 1/8/02 1/21/02 2/4/02
8:30 9:00 8:00 9:00 10:00 9:00 11:15 11:30
Background 24.0 23.6 21.0 19.4 21.9 9.2 19.4 14.5
Influent 16.7 18.3 20.0 20.4 8.9 27.7 16.5
I5 22.0 20.5 21.3 19.7 20.9 14.5 17.9 16.3
J5 23.1 21.5 21.0 19.6 21.5 15.3 17.5 16.8
K5 22.5 21.8 21.5 21.4 21.4 15.1 17.6 16.6
L5 22.7 22.5 21.0 20.9 21.3 16.0 17.0 16.7
M5 23.4 21.1 22.6 20.0 21.5 14.8 17.7 16.5
N5 22.1 25.2 21.7 21.3 21.5 15.5 17.5 16.5
O5 22.4 22.0 21.5 20.9 20.9 15.1 19.0 16.6
P5 22.0 21.1 20.8 20.4 21.2 15.6 18.1 16.7
Q5 22.9 22.6 21.5 20.7 20.9 16.7 18.4 16.7
R5 23.2 22.6 21.5 21.9 20.7 16.1 18.3 16.7
S5 22.6 24.9 20.4 19.7 20.8 14.7 17.2 16.2
T5 23.0 25.5 21.0 20.0 20.7 16.1 17.6 16.4
U5 22.8 23.0 21.7 20.6 20.8 15.4 18.1 16.8
A7.5 22.1 20.9 21.6 20.8 21.1 16.5 18.3 16.9
B7.5 22.5 21.4 22.1 20.8 21.6 17.1 19.1 16.6
C7.5 23.2 22.4 22.0 21.1 21.6 16.3 17.9 15.9
D7.5 21.5 21.5 22.7 21.3 21.8 17.2 16.4
E7.5 22.3 21.8 22.0 20.4 22.7 16.0 18.5 16.4
F7.5 21.6 21.8 21.5 20.3 21.7 15.6 18.0 16.6
G7.5 23.5 22.5 21.7 20.9 22.9 16.6 18.2 16.8
H7.5 21.3 22.0 21.9 19.9 21.1 14.6 18.2 15.7
M7.5 22.6 21.5 21.7 20.8 23.4 16.2 18.3 17.2
N7.5 21.3 23.4 21.3 21.9 22.1 16.8 18.5 16.5
O7.5 22.7 22.0 22.0 21.3 21.5 16.4 19.0 17.0
P7.5 21.6 21.4 21.8 21.1 21.4 17.0 18.5 17.0
A10 21.2 22.0 21.9 22.1 21.1 17.5 19.4 17.0
B10 21.8 22.5 22.3 20.9 17.6 19.3 17.2
C10 22.9 22.4 22.2 21.4 22.0 18.0 19.2 16.1
D10 22.0 22.4 22.2 21.7 21.9 14.7 19.0 17.0
I10 22.3 21.2 22.5 21.5 21.8 16.8 19.0 17.2
J10 23.0 22.1 22.7 20.3 23.2 17.8 19.3 18.1
K10 23.0 23.2 22.3 22.1 22.0 17.8 19.6 17.4
L10 21.3 23.3 22.2 21.6 22.0 18.0 19.3 17.1
Q10 23.0 25.9 22.2 21.5 21.6 19.3 19.9 17.9
R10 23.5 39.9 23.1 20.7 22.1 18.3 20.2 18.6
S10 22.9 25.9 22.0 21.5 21.8 18.8 20.3 17.2
T10 23.1 23.4 22.0 21.3 21.6 19.1 19.9 17.5
U10 22.4 43.0 22.3 21.0 21.6 17.5 16.9  
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MUS Temperature Data (oC) - Grand Bay
Well 0.75 gpm (2.8 L/min) 0.75 gpm (2.8 L/min) (15 min / hr)
ID 2/18/02 3/5/02 3/18/02 4/2/02 4/15/02 4/29/02 5/22/02
10:00 10:00 10:30 10:00 9:00 9:00 10:00
Background 16.6 6.5 24.6 23.2 25.7 27.3 23.1
Influent 14.7 13.7 25.4 21.5 23.2 28.5 24.0
I5 16.5 14.7 17.8 19.4 19.4 21.4 21.4
J5 16.6 18.6 19.0 19.4 20.4 22.5
K5 16.3 16.8 18.1 19.4 19.8 21.2 23.0
L5 16.2 15.5 17.8 19.7 19.3 21.3 23.0
M5 15.8 15.1 17.9 19.2 19.3 21.2 22.4
N5 16.7 16.1 18.1 19.3 19.9 21.8 23.3
O5 16.4 15.2 18.0 18.9 19.6 21.5 22.5
P5 16.1 15.6 19.1 19.3 19.1 21.1 22.0
Q5 16.3 15.9 18.2 18.9 19.1 20.5 21.5
R5 16.5 17.6 17.9 19.5 19.7 20.7 22.5
S5 15.5 14.8 17.4 18.0 19.2 23.9 23.1
T5 15.7 15.9 17.5 18.2 19.4 20.9 22.1
U5 16.5 16.2 18.7 18.8 19.7 21.9 23.1
A7.5 16.4 15.7 18.1 18.9 19.4 20.6 22.8
B7.5 16.6 14.3 18.5 18.8 19.5 20.9 22.0
C7.5 16.6 15.9 18.8 19.9 19.8 21.6 22.4
D7.5 16.5 14.5 18.5 21.5 20.5 22.7 23.2
E7.5 16.9 15.3 18.2 19.6 20.1 22.4 22.1
F7.5 16.7 14.2 19.0 19.2 20.0 21.5 22.8
G7.5 16.3 15.7 19.1 19.8 19.8 22.2 22.4
H7.5 17.5 14.8 18.3 21.1 21.1 23.3
M7.5 17.0 15.8 18.5 18.7 19.3 20.6 21.7
N7.5 17.3 15.9 18.8 19.5 19.5 21.9 22.5
O7.5 17.1 16.7 18.1 18.9 20.3 21.2 22.2
P7.5 16.9 15.8 18.2 18.9 19.8 20.6 21.7
A10 17.0 15.3 19.3 19.0 20.0 20.8 21.9
B10 16.5 15.5 18.4 19.0 19.3 20.6 21.1
C10 16.8 16.8 18.7 19.5 19.7 21.3 22.0
D10 16.3 16.3 19.2 19.5 19.7 22.3 21.8
I10 17.3 16.8 18.1 18.7 19.6 21.5 20.6
J10 17.8 16.6 19.4 19.4 19.9 23.0 21.3
K10 17.7 17.5 18.5 19.3 19.4 21.3 22.4
L10 17.8 16.6 18.7 18.7 20.1 20.5 21.3
Q10 18.1 17.8 19.3 19.1 19.2 20.1 20.4
R10 18.1 18.4 20.0 19.9 20.8 21.2 20.9
S10 17.6 17.3 18.9 18.3 19.6 25.0 21.7
T10 17.2 17.9 18.7 19.5 19.5 20.3 21.8
U10 17.8 17.5 19.9 18.2 19.4 20.0 22.3  
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MUS Temperature Data (oC) - Moss Point
Note:  Coordinates of injection point are (x,y,z) = (0,0,0)
Well Post-Study Observations
ID 6/17/02 7/11/02 7/25/02 8/6/02 8/20/02 9/11/02
10:00 9:45 9:30 10:00 10:00 11:30
Background 33.7 28.2 31.7 31.9 34.1
Influent 29.8 26.1 28.4 28.8 32.8
I5 27.5 25.3 26.6 26.6
J5 27.2 25.7 27.0 27.2 32.2
K5 29.3 25.6 27.3 27.7 30.4
L5 28.8 25.5 26.3 27.1 30.8
M5 27.2 25.5 26.8 27.0 31.1
N5 27.6 25.1 27.2 27.8 29.2
O5 28.4 25.5 27.2 27.6 29.7
P5 23.9 28.5 25.2 26.4 27.0 29.4
Q5 23.1 28.9 24.5 26.5 28.0 29.5
R5 24.6 28.3 25.3 26.8 29.8
S5 21.2 28.2 25.1 27.2 27.7 29.5
T5 21.4 28.5 24.3 26.2 27.0 29.5
U5 27.9 24.6 26.7 27.4
A7.5 23.9 27.4 25.0 26.0 26.9 32.8
B7.5 23.4 25.8 25.3 26.6 33.2
C7.5 27.1 24.8 26.6 27.6 30.3
D7.5 24.7 29.1 26.2 28.0 26.3 31.5
E7.5 27.5 26.0 27.3 27.6 31.0
F7.5 27.1 26.4 27.4 27.3 33.0
G7.5 20.5 27.6 25.6 26.7 27.4 29.8
H7.5 23.4 28.8 26.0 27.3 27.6 30.6
M7.5 25.2 22.5 25.0 25.9 30.7
N7.5 27.9 24.8 27.2 27.4 30.0
O7.5 27.8 24.8 26.0 27.2 29.6
P7.5 23.1 27.7 25.1 26.3 26.9 31.2
A10 23.5 24.5 25.2 26.5 29.6
B10 25.1 26.7 26.4 30.4
C10 23.5 24.4 25.2 26.8 29.8
D10 23.6 25.1 25.5 28.8
I10 24.6 25.3 26.5 29.3
J10 24.8 25.6 30.9
K10 24.2 25.3 27.2 29.2
L10 24.3 26.0 26.8 29.2
Q10 21.8 23.5 25.1 24.9 29.5
R10 23.6 24.1 25.9 29.7
S10 21.4 23.7 25.8 26.8 29.5
T10 25.1 24.3 26.3 26.4 29.8
U10 23.8 26.3 26.1 29.5
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MUS Temperature Data (oC) -
Note:  Coordinates of injection point a
Well
ID 10/30/02 2/19/03
11:15 9:00
Background 26.6 20.3
Influent 26.8 16.3
I5 24.7 18.6
J5 24.7 17.8
K5 25.1
L5 24.8 18.9
M5 24.8 17.7
N5 26.6 18.6
O5 25.8 17.6
P5 24.3 16.8
Q5
R5
S5
T5
U5
A7.5 24.8 17.6
B7.5 24.9 18.7
C7.5 24.8 18.2
D7.5 25.4 18.1
E7.5 25.1 17.8
F7.5 25.8 17.4
G7.5 25.2 18.6
H7.5 25.0 17.6
M7.5 24.5 18.0
N7.5 25.6 19.8
O7.5 17.9
P7.5 24.5 18.0
A10 24.5 18.6
B10 24.8 18.3
C10 24.6 19.0
D10 25.2 18.6
I10 24.4 18.4
J10 24.4 19.3
K10 24.9
L10 24.7 18.7
Q10
R10
S10
T10
U10
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Summary for Redox Potential in Moss Point, MS
Date A 5 A 7.5 A 10 BGA 5 BGA 7.5 BGA 10 BGB 8.5
3/15/02 -55 -140 -152 32 98 -193
3/18/02 -107 93 -139 149 88 183 -55
4/2/02 -70 -45 -125 65 -5 -39 -190
4/15/02 -46.33 -106.67 -173.33 33 -13.33 -43.33 -223.667
5/22/02 -72.67 -74 -125 26.67 -47.33 -18.33 -223.33
6/3/02 -36.67 -80 -153.33 23.33 -23.33 -56.67 -159.33
6/17/02 -61 -91.67 -171.67 19.33 -25 -68 -168.33
7/11/02 -48.33 -99 -138 27 -6.33 -72 -164.33
7/25/02 -56.67 -84.67 -130.33 40.33 -22.33 -40 -170.67
8/6/02 -45.67 -75.33 -136.33 49.33 -5 -49.67 -175
8/20/02 -58.33 -86.67 -149 43.33 -4 -45 -162
10/9/02 -51.67 -96.33 -137 39.67 -9 -53.67 -167.33
10/30/02 -65 -90.33 -143.67 31.67 -12.67 -62.67 -157.67
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Appendix F: TAN Contour Plots
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Salinity & Ammonia Concentration at 10 ft Wells
May 23, 2001
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Salinity and Ammonia Concentration at 5 ft Wells 
June 5, 2001
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Salinity and Ammonia Concentration at 10 ft Wells
June 5, 2001
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Salinity & Ammonia Concentration at 10 ft Wells
June 15, 2001
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Salinity at 10 ft Wells
August 7, 2001
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Appendix G:  Laboratory Study Data
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Plant Column Study
Ammonia Concentrations
3/13/02 3/26/02 4/16/02 4/25/02 5/11/02 5/21/02
Inf 1.89 2.74 4 5.44 1.792 2.525
A1 0.284 n/a n/a n/a n/a n/a
A2 1.19 2.18 3.04 14.8 5.66 5.4
A3 4.2 8.06 9.22 11.94 10.3 9.725
A4 4.01 7.08 6.74 4.87 7.4 5.25
B1 1.22 n/a n/a n/a n/a n/a
B2 3.93 8.56 4.37 6.08 5.975
B3 4.13 13.32 10.6 11.3 11.88 10.625
B4 3.94 13.54 6.6825 12 10.72 9.325
C1 n/a n/a n/a n/a n/a n/a
C2 1.51 n/a 5.32 7.2 8.34 7.54285714
C3 3.22 15.72 12.96 14.86 13.78 11.55
C4 4.22 8.26 7.48 11.12 8.46 7.05
D1 n/a n/a n/a n/a n/a n/a
D2 1.57 8.04 5.6 10 6.98 7.975
D3 3.89 11.84 10.24 10.48 9.3 10.3428571
D4 3.21 10.28 8.12 9.48 8.8 7.82857143
Plant Column Study
Ammonia Concentrations
6/11/02 6/24/02 7/1/02 7/8/02 7/18/02 7/23/02
Inf 2.944 2.952 2.644 1.76 5.32
A1 2.94 1.498 1.412 2.284 2.268 3.128
A2 3.94 4.22 1.528 3.5 2.696 0.932
A3 7 7.76 7.16 7.72 7.04 10.88
A4 5.4 6.08 5.36 5.24 4.8 7.44
B1 n/a n/a n/a n/a n/a n/a
B2 4.2 n/a n/a n/a n/a n/a
B3 11.44 n/a n/a n/a n/a n/a
B4 11.12 14.12 13.56 15.4 n/a n/a
C1 n/a n/a n/a n/a n/a n/a
C2 n/a 7.7 5.56 5.76 3.912 n/a
C3 10.64 13.3 13.16 13.52 11.24 18.76
C4 7.72 10.2 9.72 10.24 9.12 4.56
D1 1.22 1.65 4.68 1.148 2.384 n/a
D2 7.4 7.05 6.88 7.88 6.84 2.704
D3 9.56 10.7 10.24 10.28 9.44 14.48
D4 7.64 8.57 8.72 9.04 8.84 11.8
 235
 
 
Nitrite Concentrations for Plant Study
Location
3/26/02 4/16/02 4/25/02 5/11/02 5/21/02 5/30/02 6/4/02
A1 0.091
A2 0.126 0 0 0 0 0 0
A3 0.005 0.011 0 0.001 0.055 0 0
A4 0.005 0.012 0 0 0 0 0
B2 n/a 0.008 n/a 0 0 0 0
B3 0.006 0.016 0.093 0 0 0.033 0
B4 0.008 0 0.073 0 0.065 0 0
C2 n/a 0.006 4.687 0.016 0 0.055 0
C3 0.001 0 0 0.01 0 0 0
C4 0.011 0.003 0 0 0.028 0.018 0
D1 0.224
D2 0.14 0.012 0.002 0 0 0.016 0.011
D3 0.02 0.009 0 0.001 0 0.001 0
D4 0.005 0.005 0 0 0 0 0
INF 0.005 0 0 0 0 0.003 0.02
Nitrite Concentrations for Plant Study
Location
6/11/02 6/24/02 7/1/02 7/8/02 7/18/02 7/23/02
A1 0.067 0.004 0.048 0.024 0.016
A2 0.038 0.001 0.05 0.003 0.015 0.003
A3 0 0 0 0 0.001 0.004
A4 0.001 0 0 0.001 0.005 0.01
B2 0 n/a n/a n/a
B3 0.027 n/a n/a n/a
B4 0.015 0.001 0.016 0.004
C2 n/a 0.001 2.095 0.92 0
C3 0.008 0 0.016 0.011 0.02 0.01
C4 0 0 0.063 0.005 0.018 0.038
D1 0.161 0.128 0.099 0.041
D2 0 0.002 0 0.003 0 2.823
D3 0 0 0 0.002 0.01 0.01
D4 0 0 0 0.002 0.008 0.012
INF 0.002 0.002 0.001 0.002 0.149 0.013
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Plant Study Nitrate Levels
Location
3/13/02 3/26/02 4/16/02 4/25/02 5/11/02 5/21/02
A1
A2 BDL BDL BDL BDL BDL BDL
A3 BDL BDL BDL BDL BDL BDL
A4 BDL BDL BDL BDL BDL BDL
B2 BDL BDL BDL BDL BDL BDL
B3 BDL BDL BDL BDL BDL BDL
B4 BDL BDL BDL BDL BDL BDL
C2 BDL BDL BDL BDL BDL BDL
C3 BDL BDL BDL BDL BDL BDL
C4 BDL BDL BDL BDL BDL BDL
D1
D2 BDL BDL BDL BDL BDL BDL
D3 BDL BDL BDL BDL BDL BDL
D4 BDL BDL BDL BDL BDL BDL
INF BDL BDL BDL BDL BDL BDL
Plant Study Nitrate Levels
Location
5/30/02 6/11/02 6/24/02 7/1/02 7/12/02
A1 BDL BDL BDL BDL BDL
A2 BDL BDL BDL BDL BDL
A3 BDL BDL BDL BDL BDL
A4 BDL BDL BDL BDL BDL
B2 BDL BDL BDL BDL BDL
B3 BDL BDL BDL BDL BDL
B4 BDL BDL BDL BDL BDL
C2 BDL BDL BDL BDL BDL
C3 BDL BDL BDL BDL BDL
C4 BDL BDL BDL BDL BDL
D1 BDL BDL BDL BDL BDL
D2 BDL BDL BDL BDL BDL
D3 BDL BDL BDL BDL BDL
D4 BDL BDL BDL BDL BDL
INF BDL BDL BDL BDL BDL
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In-situ Data for A (Control)
Salinity (ppt) DO (mg/L) Redox (mV) Corrected redox pH Temp (C)
1/30/02 12:00 -400 -155
2/6/02 13:00 27.5 4.47 -195 50 20.6
2/12/02 0:00 23.4 5 -242 3 8.58 21.5
2/13/02 0:00 -221 24
2/15/02 0:00 -230 15
2/19/02 6:05 -215 30
2/22/02 0:00 -173 72
2/26/02 7:30 -155 90
3/1/02 0:00
3/4/02 0:00 21.4 4.28 -252 -7 8.25 20.1
3/8/02 0:00 -288 -43
3/12/02 10:05 19 5.2 -230 15 8.12 23.3
3/15/02 9:21
3/20/02 11:00 14 3.73 7.97 25.4
3/22/02 9:45 145 390
3/26/02 10:50
3/29/02 8:30 -66.5 178.5
4/2/02 0:00 -110 135
4/5/02 10:37
4/9/02 11:08
4/12/02 10:04
4/16/02 0:00
4/19/02 9:10 -280 -35
4/23/02 10:40 -321 -76
4/25/02 11:54
5/3/02 10:20
5/10/02 10:30 -324 -79
5/14/02 0:00 -340 -95
5/17/02 11:05 -305 -60
5/20/02 0:00 -284 -39
5/24/02 10:38 -345 -100
5/28/02 11:40 -345 -100
5/30/02 11:00
6/4/02 0:00 13.4 2.2
6/7/02 12:00
6/11/02 9:24 -277 -32
6/14/02 11:00 -219 26
6/18/02 0:00 -19 226
6/25/02 11:00
6/28/02 11:05 13.2 3.06 25.4
7/2/02 10:25 12.6 2.7 7.83 28
7/8/02 11:15 12.6 2.7 -297 7.88 28.2
7/18/02 0:00 15 3.69 -310 7.92 26.3
7/23/02 11:30 12.8 2.95 -97 7.81 28.4
Date / Time A-1
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In-situ Data for A (Control)
Salinity (ppt) DO (mg/L) pH Temp (C) Salinity (ppt) DO (mg/L) pH Temp (C)
1/30/02 12:00 30.5 1.62 6.73 24.5 20.8 1.53 6.82 23.9
2/6/02 13:00 27.8 1.23 20.8 18.8 1.41 21.7
2/12/02 0:00 23.6 1.04 7.47 22.1 16.8 7.17 22.6
2/13/02 0:00
2/15/02 0:00 22.2 0.81 7.06 21.4 16 1.25 7.09 21.7
2/19/02 6:05 22.5 1.03 7.53 22.6 15.4 1.19 6.99 22.5
2/22/02 0:00 14.9 0.96 6.93 23.5
2/26/02 7:30 20.9 7.64 22.3 14.8 7.12 22.7
3/1/02 0:00 25 2.13 7.08 21.1 20 0.55 7.18 21.5
3/4/02 0:00 19.9 0.35 7.34 20.4 14.1 0.41 6.98 21.7
3/8/02 0:00 15 1.18 7.32 22.6 10 1.42 7.11 22.8
3/12/02 10:05 18 1.1 7.32 23.5 14 1.15 7.07 23.5
3/15/02 9:21 16 7.39 8.02 24 10 0.73 7.38 24
3/20/02 11:00 15 1.68 7.46 25.6 10 0.62 7.15 25.8
3/22/02 9:45 15 2.32 7.56 22.9 16 2.02 7.06 23.1
3/26/02 10:50 11 2.85 7.32 23.7 10 1.54 7.04 23.7
3/29/02 8:30 17 3.33 7.49 23.9 13 1.39 7.21 23.4
4/2/02 0:00 15 1.83 7.61 24 12 1.92 6.99 24.3
4/5/02 10:37 11 1.31 7.84 23.3 10 0.4 7.39 22.8
4/9/02 11:08 15 1.36 7.72 23.3 10 1.58 7.29 23
4/12/02 10:04 15 3.02 7.87 24.2 12 1.25 7.15 23.9
4/16/02 0:00 17 2.03 7.64 24.7 12.4 0.56 7.18 24.9
4/19/02 9:10 10 5.2 7.76 25 12.5 0.76 7.53 25.2
4/23/02 10:40 17.1 2.36 7.82 25 12.3 1.75 7.28 24.9
4/25/02 11:54 17 4.58 3.8 1.32 7.62 25.1
5/3/02 10:20 15 6.84 8.36 26.3 10 0.86 7.45 26.6
5/10/02 10:30 16.9 0.75 7.52 26.6 12.1 0.64 7.65 26.1
5/14/02 0:00 15.7 0.82 7.4 27.1 13 0.59 7.57 26.8
5/17/02 11:05 16.4 6.67 8.63 25.7 11.2 1.28 7.29 26.1
5/20/02 0:00 16 1.24 7.12 24.5 11.2 1.51 7.38 24.1
5/24/02 10:38 15 1.11 7.49 24.8 11.3 1.08 7.31 25
5/28/02 11:40 14.7 6.65 8.05 25.9 11.3 1.58 7.24 26.5
5/30/02 11:00 14.1 0.83 7.66 25.9 11.1 0.94 7.48 26.2
6/4/02 0:00 8.07 1.97 7.67 27 9.2 0.88 7.56 26.5
6/7/02 12:00 13.3 1.12 27 8.2 0.76 27
6/11/02 9:24 13.3 0.92 26.7 8 0.91 26.7
6/14/02 11:00 12.8 3.46 27 7.9 0.9 28.1
6/18/02 0:00 13 2.78 26.4 7 2.48 27.3
6/25/02 11:00 12.9 2.71 7.84 26.4 7.8 1.26 7.58 26.3
6/28/02 11:05 7.7 1.38 26.3
7/2/02 10:25 12.7 2.05 7.65 27.7 7.8 1.76 7.51 27.3
7/8/02 11:15 12.4 5.75 8.25 27.9 8 0.96 7.71 28.2
7/18/02 0:00 14 2.28 7.79 25.7 8 2.68 7.17 26.4
7/23/02 11:30 11.7 5.2 8.8 28.8 8 1.63 7.5 28.7
A-2 A-3Date / Time
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In-situ Data for A (Control)
Salinity (ppt) DO (mg/L) pH Temp (C)
1/30/02 12:00 21.1 1.37 7.54 23.8
2/6/02 13:00 15.4 1.49 21.9
2/12/02 0:00 14.4 7.31 22.3
2/13/02 0:00
2/15/02 0:00 13.6 0.88 7.31 21.9
2/19/02 6:05 12.6 1.2 7.29 22.6
2/22/02 0:00 13 1.12 7.19 23.2
2/26/02 7:30 13 7.27 23
3/1/02 0:00 1.88 7.32 21.4
3/4/02 0:00 11.9 0.46 7.3 21.5
3/8/02 0:00 9 1.64 7.4 22.8
3/12/02 10:05 11 1.28 7.41 23.6
3/15/02 9:21 9 2 7.26 23.7
3/20/02 11:00 6 0.25 7.31 25.9
3/22/02 9:45 8 1.82 7.25 23.5
3/26/02 10:50 9 2.52 7.37 23.5
3/29/02 8:30 9 1.66 7.43 23.5
4/2/02 0:00 9 1.95 7.21 24
4/5/02 10:37 8 1.16 7.88 22.8
4/9/02 11:08 6 2.44 7.72 23.4
4/12/02 10:04 7 1.82 7.62 23.7
4/16/02 0:00 8.8 0.31 7.53 25
4/19/02 9:10 8.8 1.65 8.01 24.5
4/23/02 10:40 9 1.17 7.68 25.4
4/25/02 11:54 9.3 0.7 7.46 25.4
5/3/02 10:20 8 0.8 7.47 26.4
5/10/02 10:30 8.9 0.4 7.58 26.4
5/14/02 0:00 8.3 0.35 7.49 26.6
5/17/02 11:05 8.9 1.15 7.7 25.9
5/20/02 0:00 9 0.66 7.33 24.5
5/24/02 10:38 8.9 0.89 7.42 25.2
5/28/02 11:40 9.7 0.92 7.43 26.1
5/30/02 11:00 8.3 1.15 7.48 26.1
6/4/02 0:00 7.5 0.77 7.64 27.1
6/7/02 12:00 7.4 0.73 27
6/11/02 9:24 7.2 0.9 27.2
6/14/02 11:00 7.4 1.06 28
6/18/02 0:00 8 3.29 27
6/25/02 11:00 7.1 1.21 7.51 26.4
6/28/02 11:05 7.3 1.18 26.2
7/2/02 10:25 7 1.06 7.38 27.3
7/8/02 11:15 7.2 1.27 7.71 27.5
7/18/02 0:00 7 1.79 7.26 26.6
7/23/02 11:30 7.4 1.88 7.36 28.6
A-4Date / Time
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In-situ Data for B (Control)
Salinity (ppt) DO (mg/L) Redox (mV) Corrected redox pH Temp (C)
1/30/02 12:00 -240 5
2/6/02 13:00 35.2 1.01 -328 -83 20.7
2/12/02 0:00 29.1 2.38 -227 18 8.41 21.6
2/13/02 0:00 -271 -26
2/15/02 0:00 28.3 3.34 -225 20 8.42 20.7
2/19/02 6:05 -257 -12
2/22/02 0:00 22.1 1.44 -272 -27 7.05 22.6
2/26/02 7:30 25.7 -253 -8 8.55 21.9
3/1/02 0:00 -269 -24
3/4/02 0:00 21.1 3.05 -224 21 8.36 20
3/8/02 0:00 -315 -70
3/12/02 10:05 25 1.45 -327 -82 8.22 23
3/15/02 9:21
3/20/02 11:00 17 0.29 8.03 25.6
3/22/02 9:45 148 393
3/26/02 10:50
3/29/02 8:30 -195 50
4/2/02 0:00 -50 195
4/5/02 10:37
4/9/02 11:08
4/12/02 10:04
4/16/02 0:00
4/19/02 9:10 -265 -20
4/23/02 10:40 -348 -103
4/25/02 11:54
5/3/02 10:20
5/10/02 10:30 -330 -85
5/14/02 0:00 -318 -73
5/17/02 11:05 -320 -75
5/20/02 0:00 -317 -72
5/24/02 10:38 -375 -130
5/28/02 11:40 -350 -105
5/30/02 11:00
6/4/02 0:00
6/7/02 12:00
6/11/02 9:24 -311 -66
6/14/02 11:00 -280 -35
6/18/02 0:00 -200 45
6/25/02 11:00
6/28/02 11:05
72/02 10:25
7/8/02 11:15 -289
7/18/02 0:00 -275
7/23/02 11:30 160
Date / Time B-1
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In-situ Data for B (control)
Salinity (ppt) DO (mg/L) Redox (mV) Corrected redox pH Temp (C)
1/30/02 12:00 31.8 1.06 -261 -16 6.86 24.1
2/6/02 13:00 24.9 1.4 -310 -65 21.2
2/12/02 0:00 21.8 1.28 -270 -25 7.02 22.2
2/13/02 0:00 -273 -28
2/15/02 0:00 23.8 0.65 -265 -20 7.05 21.8
2/19/02 6:05 -255 -10
2/22/02 0:00 22.1 1.44 -265 -20 7.05 22.6
2/26/02 7:30 20.7 -276 -31 6.99 22.6
3/1/02 0:00 0.42 -258 -13 7.14 21.1
3/4/02 0:00 21.7 0.38 -273 -28 7 20.5
3/8/02 0:00 18 0.44 -307 -62 7.19 23.2
3/12/02 10:05 19 0.78 -285 -40 6.9 23.2
3/15/02 9:21 17 0.39 7.58 23.8
3/20/02 11:00 11 0.21 7.19 25.7
3/22/02 9:45 16 0.39 -287 -42 7.3 22.6
3/26/02 10:50 16 1.3 7.14 23.3
3/29/02 8:30 17 0.4 -306 -61 7.46 23.7
4/2/02 0:00 18 0.76 7.49 24
4/5/02 10:37 15 0.28 7.7 23.5
4/9/02 11:08 15 0.64 7.61 23.3
4/12/02 10:04 15 0.68 7.61 23.7
4/16/02 0:00 17.5 0.24 7.4 24.7
4/19/02 9:10 17.2 1.18 94 339 7.62 25
4/23/02 10:40 16.4 0.27 -319 -74 7.8 24.9
4/25/02 11:54
5/3/02 10:20 14 0.6 7.46 26.2
5/10/02 10:30 16 0.74 -343 -98 7.49 26.1
5/14/02 0:00 16.4 0.69 -335 -90 7.39 26.8
5/17/02 11:05 13.8 0.36 -325 -80 7.65 26
5/20/02 0:00 15.1 0.35 -310 -65 7.5 24.3
5/24/02 10:38 15 0.52 -370 -125 7.28 25.1
5/28/02 11:40 15 0.52 -346 -101 7.53 25.9
5/30/02 11:00 14.7 0.48 7.59 25.8
6/4/02 0:00 14.4 0.7 7.7 26.8
6/7/02 12:00 14.5 1.08 26.3
6/11/02 9:24 15 0.9 -282 -37 26.5
6/14/02 11:00 -260 -15
6/18/02 0:00 -230 15
6/25/02 11:00
6/28/02 11:05
72/02 10:25
7/8/02 11:15 -281
7/18/02 0:00 -280
7/23/02 11:30 260
B-2Date / Time
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In-situ data for B (control)
Salinity (ppt) DO (mg/L) Redox (mV) Corrected redox pH Temp (C)
1/30/02 12:00 24.6 1.54 -375 -130 6.82 24.2
2/6/02 13:00 22.2 1.58 -322 -77 21.6
2/12/02 0:00 18.4 -290 -45 7.17 22.3
2/13/02 0:00 -277 -32
2/15/02 0:00 19.1 1.02 -280 -35 7.01 22
2/19/02 6:05 17.7 1.29 -270 -25 6.92 22.6
2/22/02 0:00 17.6 1.44 -280 -35 6.97 23.1
2/26/02 7:30 16.9 -280 -35 7.02 22.8
3/1/02 0:00 0.45 -265 -20 6.99 21
3/4/02 0:00 15.8 0.31 -287 -42 6.92 21.2
3/8/02 0:00 14 1.31 -311 -66 6.97 22.9
3/12/02 10:05 15 0.84 -300 -55 6.99 23.3
3/15/02 9:21 13 1.39 6.92 23.7
3/20/02 11:00 12 0.22 6.87 25.8
3/22/02 9:45 10 1.92 -297 -52 6.97 23.2
3/26/02 10:50 12 1.38 6.88 23.5
3/29/02 8:30 12 1.36 -263 -18 7.02 23.5
4/2/02 0:00 10 1.84 6.96 24
4/5/02 10:37 9 0.5 7.3 22.6
4/9/02 11:08 10 1.3 7.21 23.2
4/12/02 10:04 11 1.59 7.19 24
4/16/02 0:00 11.2 0.22 7.03 25.3
4/19/02 9:10 10.4 1.33 -335 -90 7.09 25
4/23/02 10:40 9.9 0.58 -326 -81 7.32 25.5
4/25/02 11:54 9.8 0.79 7.13 25.4
5/3/02 10:20 11 0.82 6.87 26.6
5/10/02 10:30 10.2 0.63 -344 -99 7.33 26.1
5/14/02 0:00 9.5 0.6 -339 -94 7.28 26.6
5/17/02 11:05 10 0.89 -330 -85 7.24 26.2
5/20/02 0:00 10.2 0.6 -318 -73 7.15 23.9
5/24/02 10:38 10.1 0.86 -376 -131 7.05 25
5/28/02 11:40 10.2 0.98 -350 -105 7.07 26.2
5/30/02 11:00 9.9 1.03 7.24 25.8
6/4/02 0:00 13.6 1.16 7.68 26.5
6/7/02 12:00 9.5 0.73 27.1
6/11/02 9:24 9.6 0.77 -311 -66 26.7
6/14/02 11:00 -285 -40
6/18/02 0:00 10 2.56 -255 -10 26.9
6/25/02 11:00
6/28/02 11:05
72/02 10:25
7/8/02 11:15 -320
7/18/02 0:00 -315
7/23/02 11:30 -156
B-3Date / Time
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In-situ data for B (control)
Salinity (ppt) DO (mg/L) Redox (mV) Corrected redox pH Temp (C)
1/30/02 12:00 23.2 1.48 -353 -108 6.86 24.1
2/6/02 13:00 19.8 1.26 -312 -67 21.9
2/12/02 0:00 18.7 1.51 -320 -75 7.04 22.6
2/13/02 0:00
2/15/02 0:00 18.1 1.06 -263 -18 7.13 22.2
2/19/02 6:05 16.3 1.52 -269 -24 7.04 22.6
2/22/02 0:00 15.9 1.55 -267 -22 7.12 23.1
2/26/02 7:30 14.9 -257 -12 7.13 22.7
3/1/02 0:00 0.46 -238 7 7.19 21
3/4/02 0:00 13.1 0.4 -254 -9 7.01 21.6
3/8/02 0:00 13 1.99 -308 -63 7.15 22.9
3/12/02 10:05 15 0.89 -314 -69 7.1 23.5
3/15/02 9:21 16 1.32 6.99 23.7
3/20/02 11:00 9 0.3 7.02 26
3/22/02 9:45 -290 -45
3/26/02 10:50 12 1.87 6.97 23.3
3/29/02 8:30 10 0.68 -288 -43 7.05 23.5
4/2/02 0:00 10 1.85 7.07 23.8
4/5/02 10:37 10 0.48 7.32 23.2
4/9/02 11:08 9 1.86 7.22 23.3
4/12/02 10:04 10 1.85 7.23 24.1
4/16/02 0:00 10.5 0.31 7.16 25
4/19/02 9:10 10.4 0.93 -345 -100 7.49 25
4/23/02 10:40 10.5 0.97 -340 -95 7.29 24.8
4/25/02 11:54 10 0.4 7.33 25.1
5/3/02 10:20 9 0.84 7.11 26.5
5/10/02 10:30 9.6 0.62 -270 -25 7.42 25.9
5/14/02 0:00 8.7 0.55 -290 -45 7.33 26.1
5/17/02 11:05 9.2 0.97 -295 -50 7.26 25.8
5/20/02 0:00 9.4 0.74 -290 -45 7.17 24.1
5/24/02 10:38 9.4 0.8 -368 -123 7.03 25.1
5/28/02 11:40 9.5 0.95 -340 -95 7.1 26.2
5/30/02 11:00 9.4 0.92 7.19 25.9
6/4/02 0:00 9.3 0.76 7.29 26.1
6/7/02 12:00 9.4 0.91 26.8
6/11/02 9:24 9.1 1.02 -300 -55 26.7
6/14/02 11:00 8.8 2.27 -283 -38 27.8
6/18/02 0:00 9 2.17 -210 35 27.1
6/25/02 11:00 9.1 1.22 7.44 26.3
6/28/02 11:05 8.9 2 26.4
72/02 10:25 9 1.19 7.3 26.9
7/8/02 11:15 9.1 1.02 -291 7.6 27.1
7/18/02 0:00 -330
7/23/02 11:30 -204
B-4Date / Time
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In-situ Data for C (Planted)
Salinity (ppt) DO (mg/L) Redox (mV) Corrected redox pH Temp (C)
1/30/02 12:00 -222 23
2/6/02 13:00 31 2.45 -180 65 20.7
2/12/02 0:00 -67 178
2/13/02 0:00 -76 169
2/15/02 0:00 -66 179
2/19/02 6:05 -60 185
2/22/02 0:00 -45 200
2/26/02 7:30 3.2 248.2
3/1/02 0:00 -49.3 195.7
3/4/02 0:00 13.5 258.5
3/8/02 0:00 -35 210
3/12/02 10:05 -204 41
3/15/02 9:21
3/20/02 11:00
3/22/02 9:45 250 495
3/26/02 10:50
3/29/02 8:30 -53 192
4/2/02 0:00
4/5/02 10:37
4/9/02 11:08
4/12/02 10:04
4/16/02 0:00
4/19/02 9:10 -157 88
4/23/02 10:40 -123.5 121.5
4/25/02 11:54
5/3/02 10:20
5/10/02 10:30 -61.9 183.1
5/14/02 0:00 -85 160
5/17/02 11:05 -203 42
5/20/02 0:00 -232 13
5/24/02 10:38 -206 39
5/28/02 11:40 -275 -30
5/30/02 11:00
6/4/02 0:00
6/7/02 12:00
6/11/02 9:24 -132 113
6/14/02 11:00 -196 49
6/18/02 0:00 -117 128
6/25/02 11:00
6/28/02 11:05
7/2/02 10:25
7/8/02 11:15 -130
7/18/02 0:00 -170
7/23/02 11:30 -15
Date / Time C-1
 245
 
In-situ Data for C (Planted)
Salinity (ppt) DO (mg/L) Redox (mV) Corrected redox pH Temp (C)
1/30/02 12:00 27.4 1.21 -235 10 6.73 24.1
2/6/02 13:00 29.3 0.82 -110 135 21.2
2/12/02 0:00 -72 173
2/13/02 0:00 -34 211
2/15/02 0:00 -34 211
2/19/02 6:05 100 345
2/22/02 0:00 -36 209
2/26/02 7:30 69.3 314.3
3/1/02 0:00 3.39 -19 226 6.57 20.7
3/4/02 0:00 21.6 2.57 -9.1 235.9 6.91 21
3/8/02 0:00 40 285
3/12/02 10:05 26 3.6 -80 165 7.26 23.4
3/15/02 9:21 22 2.81 7.04 23.6
3/20/02 11:00 21 0.29 6.8 26
3/22/02 9:45 20 4.17 180 425 7.37 23
3/26/02 10:50 22 2.74 7.16 23.5
3/29/02 8:30 20 7.28 -230 15 8.62 23.7
4/2/02 0:00 25 2 7.01 23.9
4/5/02 10:37 18 5.56 7.98 23.5
4/9/02 11:08 15 1.38 7.34 23.2
4/12/02 10:04 13 2.23 7.72 24
4/16/02 0:00 21.9 1.01 7.11 24.7
4/19/02 9:10 18.7 2.14 -86 159 7.69 25.1
4/23/02 10:40 19.1 1.07 -14 231 7.71 25.1
4/25/02 11:54 17.3 3.96 8.35 25.2
5/3/02 10:20 13 2 7.68 26.1
5/10/02 10:30 19.3 0.66 -235 10 7.37 25.8
5/14/02 0:00 18.5 0.61 -241 4 7.4 25.5
5/17/02 11:05 18.3 1.01 -127 118 7.41 25.5
5/20/02 0:00 17.2 1.23 -180 65 7.36 24.7
5/24/02 10:38 16.1 0.85 -202 43 7.21 24.8
5/28/02 11:40 17.6 0.92 -180 65 7.13 25.6
5/30/02 11:00 14.9 2.91 7.55 25.8
6/4/02 0:00 13.5 2.13 7.75 26.8
6/7/02 12:00 12.6 3.21 26.7
6/11/02 9:24 14 0.9 -74 171 27
6/14/02 11:00 12.1 6.03 -114 131 27.4
6/18/02 0:00 13 4.55 -180 65 26.5
6/25/02 11:00 13.8 1.71 7.59 26.5
6/28/02 11:05 13.1 5.91 26
7/2/02 10:25 12.4 3.44 7.95 27.3
7/8/02 11:15 12.1 2.27 -150 7.77 27.8
7/18/02 0:00 13 3.85 -145 7.58 25.7
7/23/02 11:30 -20
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In-situ Data for C (Planted)
Salinity (ppt) DO (mg/L) Redox (mV) Corrected redox pH Temp (C)
1/30/02 12:00 31.4 0.82 -285 -40 6.92 24.7
2/6/02 13:00 -203 42
2/12/02 0:00 25.5 -141 104 7.03 21.6
2/13/02 0:00 -185 60
2/15/02 0:00 25.5 0.68 -245 0 7.1 21.5
2/19/02 6:05 24.3 -156 89 7.15 22.6
2/22/02 0:00 24.7 2.6 -220 25 7.46 22.4
2/26/02 7:30 -188 57
3/1/02 0:00 1.3 -186.5 58.5 6.92 20.2
3/4/02 0:00 23.2 0.38 -217 28 6.98 21.1
3/8/02 0:00 15 1.4 -216 29 7.31 23.3
3/12/02 10:05 21 0.83 -224 21 7 23.7
3/15/02 9:21 19 2.31 7.3 24.3
3/20/02 11:00 13 0.24 7.12 25.7
3/22/02 9:45 16 1.74 200 445 7.46 22.8
3/26/02 10:50 14 1.28 7.21 23.1
3/29/02 8:30 12 0.41 -237 8 7.25 23.5
4/2/02 0:00 14 1.58 7.26 24.2
4/5/02 10:37 13 0.35 7.33 23.2
4/9/02 11:08 10 0.93 7.73 23.2
4/12/02 10:04 11 1.04 7.73 24
4/16/02 0:00 12.6 0.18 7.1 25.2
4/19/02 9:10 12.8 0.32 -344 -99 7.38 25.3
4/23/02 10:40 12 0.4 -279 -34 7.52 25
4/25/02 11:54 12.6 0.32 7.34 25.4
5/3/02 10:20 12 0.6 7.34 26.5
5/10/02 10:30 11.7 0.31 -363 -118 7.49 25.9
5/14/02 0:00 10.9 0.45 -275 -30 7.47 26.1
5/17/02 11:05 10.2 0.63 -355 -110 7.54 25.7
5/20/02 0:00 10.2 0.39 -270 -25 7.31 24.1
5/24/02 10:38 10.2 0.56 -400 -155 7.37 25.1
5/28/02 11:40 10.1 0.6 -310 -65 7.49 25.8
5/30/02 11:00 10.1 0.89 7.16 26.7
6/4/02 0:00 9.5 0.31 7.48 27
6/7/02 12:00 8.9 0.39 27
6/11/02 9:24 9.1 0.82 -252 -7 27.6
6/14/02 11:00 8.6 0.63 -229 16 27.8
6/18/02 0:00 10 2.82 -428 -183 27
6/25/02 11:00 9.1 0.96 7.45 26.3
6/28/02 11:05 8.8 2.64 26.3
7/2/02 10:25 9.1 0.9 7.21 27.4
7/8/02 11:15 9 0.64 -270 7.58 27.4
7/18/02 0:00 8 2.04 -250 7.24 25.9
7/23/02 11:30 8.7 0.85 -47.7 7.32 28.3
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In-situ Data for C (Planted)
Salinity (ppt) DO (mg/L) Redox (mV) Corrected redox pH Temp (C)
1/30/02 12:00 22.5 0.95 -284 -39 6.89 24.1
2/6/02 13:00 15.5 1.24 -271 -26 21.8
2/12/02 0:00 13 2.3 -208 37 7.28 22.4
2/13/02 0:00 -224 21
2/15/02 0:00 13.5 0.62 -240 5 7.3 21.9
2/19/02 6:05 14.7 -230 15 7.27 22.5
2/22/02 0:00 15.3 2.32 -248 -3 7.5 22.5
2/26/02 7:30 15.2 -252 -7 7.41 22.5
3/1/02 0:00 0.84 -252 -7 7.08 20.6
3/4/02 0:00 14.7 0.62 -269 -24 7.08 21.5
3/8/02 0:00 14.9 1.61 -270 -25 7.28 23
3/12/02 10:05 10 0.84 -281 -36 7.27 23.6
3/15/02 9:21 7 1.94 7.14 23.7
3/20/02 11:00 9 0.26 7.22 26
3/22/02 9:45 8 1.24 215 460 7.25 23.7
3/26/02 10:50 10 1.47 7.3 23.6
3/29/02 8:30 6 0.35 -217 28 7.36 23.4
4/2/02 0:00 9 2.03 7.37 23.5
4/5/02 10:37 6 0.39 7.68 23.5
4/9/02 11:08 8 1.49 7.54 23.2
4/12/02 10:04 8 1.52 7.63 24.2
4/16/02 0:00 8.5 0.26 7.39 25.1
4/19/02 9:10 8.6 0.82 -324 -79 7.62 25.3
4/23/02 10:40 8.5 0.91 -300 -55 7.49 25.8
4/25/02 11:54 8.5 0.54 7.44 25.7
5/3/02 10:20 7 0.63 7.35 26.5
5/10/02 10:30 8.5 0.52 -337 -92 7.55 25.8
5/14/02 0:00 9 0.55 -320 -75 7.53 25.8
5/17/02 11:05 8.8 0.75 -263 -18 7.57 25.6
5/20/02 0:00 8.8 0.6 -300 -55 7.36 23.8
5/24/02 10:38 8.8 0.84 -354 -109 7.38 25
5/28/02 11:40 9 0.65 -307 -62 7.31 26.2
5/30/02 11:00 8.5 0.92 7.4 26.7
6/4/02 0:00 8.1 0.77 7.49 26.7
6/7/02 12:00 7.8 0.75 27
6/11/02 9:24 7.6 0.86 -267 -22 27.4
6/14/02 11:00 7.6 0.86 -263 -18 27.6
6/18/02 0:00 7 2.75 -284 -39 26.9
6/25/02 11:00 7.5 1.09 7.6 26.7
6/28/02 11:05 7.4 2.39 26.3
7/2/02 10:25 7.3 1.03 7.47 27.3
7/8/02 11:15 7.4 0.39 -295 7.76 28
7/18/02 0:00 8 1.67 -290 7.18 26.2
7/23/02 11:30 7.4 0.48 -48.8 7.78 28
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In-situ Data for D (planted)
Salinity (ppt) DO (mg/L) Redox (mV) Corrected redox pH Temp (C)
1/30/02 12:00
2/6/02 0:00 34.4 3.61 -110 135 20.7
2/12/02 0:00 -132 113
2/13/02 0:00 -105 140
2/15/02 0:00 -175 70
2/19/02 6:05 -200 45
2/22/02 0:00 -230 15
2/26/02 7:30 -113 132
3/1/02 0:00
3/4/02 0:00 -102 143
3/8/02 0:00 -238 7
3/12/02 10:05 -110 135
3/15/02 9:21
3/20/02 11:00
3/22/02 9:45 230 475
3/26/02 10:50
3/29/02 8:30 -101 144
4/2/02 0:00
4/5/02 10:37
4/9/02 11:08
4/12/02 10:04
4/16/02 0:00
4/19/02 9:10 -189 56
4/23/02 10:40 -247 -2
4/25/02 11:54
5/3/02 10:20
5/10/02 10:30 -270 -25
5/14/02 0:00 -245 0
5/17/02 11:05 -297 -52
5/20/02 0:00 -200 45
5/24/02 10:38 -331 -86
5/28/02 11:40 -312 -67
5/30/02 11:00
6/4/02 0:00
6/7/02 12:00
6/11/02 9:24 -300 -55
6/14/02 11:00 -263 -18
6/18/02 0:00 -260 -15
6/25/02 11:00
6/28/02 11:05 13.5 2.38 26.2
7/2/02 10:25 14.7 1.07 7.83 27.9
7/8/02 11:15 16.4 4.22 -215 8.67 27.6
7/18/02 0:00 15 4.04 -200 7.88 28.4
7/23/02 11:30 -58.9
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In-situ Data for D (planted)
Salinity (ppt) DO (mg/L) pH Temp (C)
1/30/02 12:00 33.1 0.89 6.77 24.1
2/6/02 0:00 29.4 0.72 21.1
2/12/02 0:00 24.9 1.02 6.85 22
2/13/02 0:00
2/15/02 0:00 23.7 0.6 7.09 21.6
2/19/02 6:05 23.6 1.34 7.18 22.4
2/22/02 0:00
2/26/02 7:30 23.5 7.28 23.1
3/1/02 0:00 1.02 6.92 20.2
3/4/02 0:00 24 2.85 7.4 20.7
3/8/02 0:00
3/12/02 10:05 23 2.77 7.68 23.4
3/15/02 9:21 15 2.59 7.35 23.7
3/20/02 11:00 17 0.27 6.85 26
3/22/02 9:45 20 1.86 7.35 23.3
3/26/02 10:50 16 0.98 7.09 23.3
3/29/02 8:30 14 1.42 7.83 23.7
4/2/02 0:00 20 0.96 7.41 24
4/5/02 10:37 16 0.95 8.1 23.4
4/9/02 11:08 20 0.35 7.77 22.9
4/12/02 10:04 15 1.05 7.85 23.9
4/16/02 0:00 19.9 0.2 7.48 24.6
4/19/02 9:10 16.1 0.42 7.92 25.4
4/23/02 10:40 17.6 0.87 8.13 24.4
4/25/02 11:54 14.5 0.98 8.06 25.1
5/3/02 10:20 12 0.64 7.76 26.3
5/10/02 10:30 16.4 0.3 8.03 25.7
5/14/02 0:00 16 0.35 7.99 25.1
5/17/02 11:05 14.4 0.73 8.21 25.7
5/20/02 0:00 15 1.06 7.72 24.9
5/24/02 10:38 13.4 0.85 7.74 25.1
5/28/02 11:40 15.3 0.31 7.56 25.9
5/30/02 11:00 13.8 0.46 7.72 26.1
6/4/02 0:00 14.6 0.51 7.82 26.6
6/7/02 12:00 13.4 0.59 26.7
6/11/02 9:24 14 0.5 27
6/14/02 11:00 13.3 0.74 27.4
6/18/02 0:00 15 0.53 26.9
6/25/02 11:00 14.2 0.99 7.87 26.8
6/28/02 11:05 12.8 1.1 25.8
7/2/02 10:25 13.4 1.03 7.9 27.3
7/8/02 11:15 12.2 1.18 8.01 27.9
7/18/02 0:00 14 1.17 7.48 25.8
7/23/02 11:30 10.4 7.6 8.63 28.3
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In-situ Data for D (planted)
Salinity (ppt) DO (mg/L) pH Temp (C)
1/30/02 12:00 23.2 1.14 6.87 24.1
2/6/02 0:00 19.3 1.4 21.6
2/12/02 0:00 16.1 1.65 6.98 22.3
2/13/02 0:00
2/15/02 0:00 15.1 1.05 7.2 21.8
2/19/02 6:05 15.1 1.45 7.15 22.4
2/22/02 0:00 15.2 1.31 7.2 22.8
2/26/02 7:30 14.6 7.15 22.9
3/1/02 0:00 0.53 6.92 20.5
3/4/02 0:00 16.8 0.38 7.22 21.3
3/8/02 0:00 13 1.85 7.13 23.1
3/12/02 10:05 15 0.81 7.03 23.6
3/15/02 9:21 16 1.36 7.09 23.7
3/20/02 11:00 12 0.3 6.98 26
3/22/02 9:45 17 1.63 7.06 23.6
3/26/02 10:50 11 1.47 7.07 23.4
3/29/02 8:30 9 0.82 7.14 23.5
4/2/02 0:00 10 2.08 7.1 24
4/5/02 10:37 10 0.27 7.56 23.3
4/9/02 11:08 6 1.61 7.58 23.2
4/12/02 10:04 7 1.55 7.38 24.2
4/16/02 0:00 10.2 0.25 7.17 25.1
4/19/02 9:10 9.8 0.57 7.63 25.4
4/23/02 10:40 9.9 0.72 7.35 25.5
4/25/02 11:54 9.7 0.36 7.54 25.3
5/3/02 10:20 10 0.87 7.2 26.3
5/10/02 10:30 10 0.38 7.58 26
5/14/02 0:00 9.5 0.4 7.75 25.7
5/17/02 11:05 9.8 0.63 7.33 25.9
5/20/02 0:00 10 1.19 7.2 25
5/24/02 10:38 9.8 1.29 7.35 25.1
5/28/02 11:40 10.1 0.72 7.2 26.1
5/30/02 11:00 9.8 0.79 7.42 26.4
6/4/02 0:00 9.3 0.71 7.65 26.4
6/7/02 12:00 8.9 0.6 27.2
6/11/02 9:24 8.5 0.8 26.9
6/14/02 11:00 8.4 0.85 28.2
6/18/02 0:00 9 2.18 27
6/25/02 11:00 8.2 0.76 7.64 26.7
6/28/02 11:05 7.9 2.15 26.2
7/2/02 10:25 7.9 0.95 7.44 27.7
7/8/02 11:15 7.9 0.85 7.72 27.9
7/18/02 0:00 8 2.23 7.12 26.4
7/23/02 11:30 7.9 1.51 7.63 27.7
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In-situ Data for D (planted)
Salinity (ppt) DO (mg/L) pH Temp (C)
1/30/02 12:00 23.1 1.17 6.93 24
2/6/02 0:00 20.7 1.65 21.9
2/12/02 0:00 17.9 1.73 7.07 22.4
2/13/02 0:00
2/15/02 0:00 16.7 1.13 7.26 21.9
2/19/02 6:05 16 1.38 7.18 22.5
2/22/02 0:00 15.4 1.5 7.23 22.9
2/26/02 7:30 15.1 7.16 23
3/1/02 0:00 1.87 7.03 20.7
3/4/02 0:00 17 0.31 7.15 21
3/8/02 0:00 14 1.47 7.2 22.9
3/12/02 10:05 15 0.81 7.1 23.7
3/15/02 9:21 12 1.54 7.09 23.7
3/20/02 11:00 11 0.23 7.05 26
3/22/02 9:45 17 1.84 7.1 23.8
3/26/02 10:50 12 1.6 7.1 23.5
3/29/02 8:30 8 1.08 7.22 23.5
4/2/02 0:00 10 2.21 7.13 24
4/5/02 10:37 10 0.26 7.49 23.1
4/9/02 11:08 6 2.21 7.39 22.9
4/12/02 10:04 6 1.97 7.41 23.9
4/16/02 0:00 10.3 0.22 7.24 25
4/19/02 9:10 10.1 0.64 7.4 25.6
4/23/02 10:40 9.8 0.82 7.42 25.5
4/25/02 11:54 9.7 0.28 7.39 25.6
5/3/02 10:20 10 0.57 7.19 26.7
5/10/02 10:30 9.6 0.53 7.48 25.9
5/14/02 0:00 8.9 0.6 7.5 25.3
5/17/02 11:05 9.4 0.62 7.47 25.7
5/20/02 0:00 9.4 0.92 7.27 24.6
5/24/02 10:38 9.5 0.96 7.25 24.9
5/28/02 11:40 9.5 0.61 7.27 26.2
5/30/02 11:00 9 0.92 7.3 26.6
6/4/02 0:00 8.5 0.7 7.48 27
6/7/02 12:00 8.6 0.75 27.2
6/11/02 9:24 8.1 0.88 27.4
6/14/02 11:00 8.3 0.94 27.9
6/18/02 0:00 8 3.14 27
6/25/02 11:00 7.7 0.5 7.58 27.2
6/28/02 11:05 7.9 1.74 26.1
7/2/02 10:25 7.7 1.01 7.41 27.4
7/8/02 11:15 7.7 0.4 7.7 28
7/18/02 0:00 7 2.32 7.19 26.4
7/23/02 11:30 7.5 0.84 7.48 28.1
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